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Preface 


T.No.  1488  a. 


E;:plosiv33  which  are  capable  of  achieving  a  conaiderable  amount  of 
work  after  extremely  short  periods  of  tame  are  effectively  one  ’o-f  the 
most  powerful  sources  of  energy  at  the  present  time,. 

In  munitions,  explosives  are  employed  for  different  kinds  of  fire- 
azms,  for  anmtmltion  and  blasting  media,  for  missiles  and  destructive 
purposes.  Under  the  oonditions  of  modem  warfare,  o.iploaives  play  an 
extremely  important  role  and  are  used  in  oolossa],  quantities.  Explosives 
are  also  widely  used  for  domestic  purposes  in  oonstmctional  and  mining 
work]  for  breaking  through  canals,  for  blasting  holes  and  drilling  wells, 
for  clearing  ground,  etc.  Explosive  methods  for  hydraulic  work  are  now 
suooessfully  used  for  the  solution  of  problems  conneotsd  witn  the  grandiose 
construction  plans  of  Commnniam.  The’^afore,  eoncidaration  of  the  physioal 
problems  of  ejqjloaion  and  the  pheromena  accompanyirg  it  are  of  great 
interest. 

In  this  book  an  attempt  is  made  to  fill  the  toiortant  gap  In  the 
literature  concerning  the  physios  of  an  explosion  and  the  processes 
occurring  in  the  environment,  under  the  action  of  an  eaplcolon. 

Xbe  only  detailed  books  on  the  theory  of  explosions  at  the  prosent 
day  ars  still,  the  textbooks  by  K.K,  SNITKO  on  "Teoriya  vzryvcliatykh 
veshoheatv”  (Theory  of.  explosives)  (Part  I,  192^,  and  Part  II,  1936)  and 
also  by  N^A,  SOKOLOV  "Kura  teorii  VV  (Course  on  the  theory  of  explosives). 
During  tb.o  period  of  more  than,  twenty  years  since  these  books  were 
published,  the  study  of  explo.slons  )ias  developed  rapidly  due  to  the  work 
of  a  nvimber  of  Euaslan  and  fo.reign  scientists.  Many  assumptions  made  in 


/ 


SNITI'kO's  and  SOKOLOV 'a  books  are  now  out  of  date.  A  number  of  important 
problems  whi.eh  have  only  besn  vjidely  studl(;c.  or  sol.vod  in  rooant  years 
are  either  not  dlBcussed  at  all  in  those  books  or  are  quits  inadequately 
treated  in  them. 

Today,  the  physics  of  an  explosion,  making  extensive  nose  nf  the 
methods  of  gas  dynamics,  theoretioal  .and  eit^eilmsntal  i^sies,  fikiysieal 
chemistry,  etc. ,  is  capable  of  describing  axmlytioaily  a  nimibBr  nf 
complicated  phancmena  which  were  formerly  only  treated  .quaMtativdly  nt 
the  very  best,  .Tbi.s  has  led  to  It  being  oonverted  ijrto  a  iquits 
and  rig:i.d  sciancs.  embracing  a  wide  .circle  of  extremely  .is^rtamt  mtA 
comvlLlcatad  theoretical  aj)plisd  problems^  !!En  tibis  istatnectiam^  .it 
became  necessary  to  make  a  .critical  .gehermdlimatism  (Of  the  amamerons 
investigations  on  the  phy'.sics  of  .an  .asqplaBion  ckM/db  ere  laBoasianallly  Mm- 
oozmeoted.  and  contradictory^ 

The  content  and  distribution  of  the  -material  :in  the  prensmt  boofle 
gives  fundamentally  a  contemporary  presentation  on  the  pkyeinB  of  .an 
ejqjlosion.  Because  tile  bodk  should  not  only  dalfina  the  Isveil  nf  preeent- 
day  knowleage  attained  on  a  number  of  probleams  but  bhould  also  .gSma  thaSr 
further  development  In  perspective,  the  authors  thoi^ght  it  neoassai^  to 
explain  briefly,  with  respect  to  objectives  or  preliminary  iorrestigaticaaa, 
some  problems  which  in  ubelr  .opinion  can  become  of  .real  valius  .in  modem 
science  and  technology.  Xt  can  be  assumed  that  in  .such  .a  form  the  present 
book  vd,ll  be  useful  not  only  to  scientific  workers  but  >0180  to  student- 
physicists  and  engineers  specializing  in  this  interesting  brandh  of 
science. 

The  authors,  having  considered  In  detail  the  phyelnal  phsnomci* 


mooMixiliiiE  dffluriivg  jaai  fsaqpUjasi-am,  'do  molt  deal  alt  fflli  lhei®iii  iwitSi  't^i®  proMLcas 
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Chant-e^'  I 


General  Characts^i-lstics  or  E;cplosives 

I  I  II  ■  II  I  I  I  I  ■■■■I  ■Pl.1,.^11  IIMI  iWilll  M  . . .  »IH  — 

§  1.  The  phenoaenoa  of  an  explosion, 

Aa  explosioa  in  the  wIcg  sense  of  the  vord  is  a  process  of  rapid 
physical  and  cheaical  transfoiaation  of  a  ^stcm  into  mechanical  work, 
acco:;:p3nled  by  a  change  of  its  potential  energy.  The  work  accomplisbed 
during  an  ex^ploslon  is  due  to  the  rapid  expansion  of  gases  or  -vapours 
independently  of  idie-ther  -they  already  exist  or  are  formed  at  the  time  of 
the  explosion. 

The  most  esaen-tiel  sign  of  an  exj^osion  is  the  rapid  jump  in  pressure 
in  the  icedium  surrounding  the  place  of  the  eigJLosion.  This  is  the  direct 
reason  for  the  uide-spread  effect  of  an  explosion. 

}lzplosioss  can  be  produced  by  various  physical  or  chemical  phenomena. 

The  foUowlsg  examples  can  be  given  of  explosions  due  -to  physical 
causes: 

1.  The  "explosion”  of  a  s-team  boiler  or  bomb  contaiMng  compressed 
gas.  In  the  first  case  the  i^enocenon  is  produced  by  -the  rapid  change  of 
superheated  water  into  a  vapour  s-tate  and  in  thvs  second  case  by  the 
increase  in  pressure  of  the  gas  in  the  bomb.  In  bo-tb  cases  the  ejqilosion 
arises  as  a  result  of  overcoming  the  resis-tauce  of  -the  walls  of  the  con- 
-tainer,  arid  its  destructive  effect  depends  on  the  pressure  of  the  steam  or 
gas  in  the  container. 

2.  Slx£d.csion3  caused  ty  powerful  spas^c  dLscharges,  for  example, 
li^tning  or  -the  passage  of  a  hi^  vol-tage  electric  current  thxuug^  i^iia 


metallic  thv..  da. 

In  the  case  of  powerful  discharges,  the  difference  in  potential 
levels  off  in  a  tine  interval  of  the  oi*der  10“^  -  10“'  sec,  thanks  to 
wl^cli  a  colossal  enercy  density  is  attained  in  the  discharge  zone  and 
extremely  high  temperatures  (of  the  order  of  tens  of  thousands  of  degrees) 
arise,  idiich  in  their  turn  leads  to  a  large  increase  in  pressure  of  the 
air  at  the'ix)int  of  discharge  and  the  spread  of  an  intense  disturbance 
through  the  suiTomiding  medium. 

The  explosions  of  wires  under  the  retion  of  elootric  energy  are 
caused  by  the  sudden  change  of  the  metal  into  a  vapour  state;  the 
temperatura  in  this  case  reaches  magnitudes  of  the  order  of  20,000^. 

Explosions  based  on  such  physical  phenomena  have  an  extremely  limited 
application  and  are  chiefly  the  subjects  of  specialised  soientiflo 
researches. 

Iv'e  will  only  consider  explosions  produced  by  the  processes  of 
chemical  transformations  of  explosives. 

Explosives  are  comparatively  unstable  systems  in  the  theraodynamloal 
sense,  which  under  the  Influence  of  external  actions  are  capable  of 
extremely  rapid  exotheimic  transformations,  eccompanied  by  the  formation 
of  very  heated  gases  or  vapours. 

The  gaseous  esq^losion  products  due  to  the  exceptionally  high  rate  of 
the  chemical  reaction  practically  occupy  the  volume  of  tbs  explosive  itr.-jlf 
at  the  first  instant  and,  as  a  nolSj,  they  are  in  a  greatly  compressed 
state,  because  the  pressure  at  the  p3ace  of  the  explosion  increases  sharply,. 

Proa  what  has  been  said  it  follows  that  the  ability  of  chemical 
systems  to  explosive  ronsfoimatlons  is  determined  by  the  three  foUoijlag 


factors:  the  exotheimicity  of  the  preeass,  the  high  rate  of  its  propa¬ 
gation  and  the  presence  of  gaseous  (vapour)  reaction  products,,.  These 
properties  can  he  exhibited  in  explosives  to  varying  degrees;  it  is  only 

their  totality  vAilch  gives  the  character  of  an  explosion  to  the  phenomenon. 

\ 

,tst  us  oonsider  the  meatiing  of  each  of  these  facT;drs. 

Exothormioitv  of  a  reaction.  The  evolution  of  heat  is  the  first 
necessary  condition  without  which  the  occurrence  of  an  explosive  process 
is  generally  impossible.  If  the  reaction  were  not  accompanied  by  heat 
evolution,  th.-n  its  spontaneous  development  and^  consequently,  the  self- 
propagation  of  the  explosion  would  be  excluded.  It  is  evident  that 
sohstanccs  requiring  a  constant  supply  of  external  energr  for  thei' 
decomposition  cannot  possess  explosive  properties. 

Cj  .'count  of  the  thermal  energy  of  the  reaction,  heating  of  the 
gaseouj  prouu.'tn  leads  to  temperatures  of  several  thousand  degrees  and  to 
their  suhaaqUv'int  expansion.  The  higher  the  heat  of  reaction  and  the  rata 
its  pro.  rgatlon,  then  the  greater  is  the  destructive  power  of  the 
explosion, 

!i.ie  .heat  of  reaction  is  a  criterion  of  the  efficiency  of  the  explosive 
and  Is  its  most  important  churacterlatio. 

For  model'.  u.c;plo3iv83  which  find  the  widest  application  in  practice, 
the  heat  of  the  'i  csive  transformation  fluctuates  within  the  limits  of 
900  to  1800  kcalAg* 

High  rata  of  the  process.  The  most  characteristic  feature  of  an 
explosion,  which  distinguishes  It  sharply  from  nonral  ciiamical  reactions, 
is  the  high  r-std  of  the  process.  The  change  to  the  fiml  explosion 
products  occurs  within  hundred-thousandths  or  even  miUionths  of  a  second. 


Tha  high  rata  of  enorgy  evolution  defines  the  advantage  of  explosives 
o/er  ordinary  fuels.  Aovertholess  as  regard  the  total  energy  ^'-ntent 
roforrad  to  an  equal  c,uantA-ty  by  weight,  evon  i:,no  most  enoi’gy-rlah 
sjq^losivGs  do  not  exceed  normal  fuel  systems,  but  on  explosion  they  attain 
an  incomparably  higher  volume  concentration  or  energy  density. 

This  can  bo  seen,  for  example,  from  the  data  given  in  Table  1. 

Table  1. 

Tha,  heats  of  explosion  ard  calorific  values 
of  some  explosive a  and  fuel  rixturea. 


Keat  of  explosion 
or  calorifio  value 

£xploslvt  or  fuel 

referred  to  1  itg 
explooive  or  fuel 

mixture,  keal 

Pyroxylin  (13.^  K)  .... 
nlierogl;  .^orlad  ,  . . 

lO-lO 

MSS 

of  Lanstre  and  orygen 

2030 

Hlxtui'o  of  oarbou  and  oxygen 

2130 

'Mixture  of  hydrogen  and  ojQrgen  3230 

i 

The  combustion  of  ordinary  fuols  proceeds  comparatively  slowly  which 
leads  to  a  considerable  expansion  of  tha  reaction  products  during  the  pro¬ 
cess  and  to  an  essential  dispersal  of  the  energy  evolved  by  means  of  heat 
conductivity  and  ractintion.  For  tha 30  reasons  only  a  relatively  low  energy 
density  by  volume  in  the  combustion  products  is  attained  in  a  given  case. 
Explosive  processes,  on  the  other  hand,  proceed  so  quickly  tliat  it 
can  be  considered  that  all  the  energy  is  practically  evolved  into  the 
space  occupied  by  the  explosive  itself,  iiMch  leads  to  the  high  energy 
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concentrations  which  are  not  attained  under  the  ounuitj.ono  of  the  normal 
course  of  che:'"-ical  reactions. 

Particularly  high  eneriy  densities  are  attained  during  the  explosion 
of  f-'o  condensed  (solid  oi'  liquid)  explosives  which  are  strlculy  the  only 
ones  used  in  practice.  This  la  explained  by  the  fact  that  these  explosives 
possess  a  significantly  smaller  specific  volume  than  the  gaseous  fuel 
mixtures  (sea  Table  2). 

;  Table  2. 

Volume  density  of  ensrCT  of  some  explosives  and  fuel  mixtures 


Nans  of  exploalTS  or  fuel  ilxture 

Volune  density  of 
energy,  referred 
to  11.  explosive 
or  fuel  nixture, 
kcal/1  • 

.Pyroxylin  (13.3?  »)  . 

1350 

Nitroglycerins . . . 

2360 

{fixture  of  carbon  and  oxygen  . 

4,1 

.  Hixturs  of  benssns  vapours  and  oxygen.  , 

4,4 

Kixtura  di*  hydrogen  aad  oxygen  ..... 

1.7 

The  numbers  given  for  fuels  (carbon,  benzene)  are  calculated  on  the 
assumption  that  the  combustion  of  these  substances  Is  completely  achieved 
in  the  initial  volume  occupied  by  the  corresponding  ]Dixtu2*e^ 

From  the  given  data  it  is  evident  that  the  energy  density  by  volume 
attainable  during  the  explosion  of  standard  explosives  exceeds  the  energy 
density  for  normal  fuels  by  a  factor  of  hundreds  or  even  thousands-.  This 
is  responsible  for  the  greater  power  of  the  explosion  and  the  destmetive 
ability. 

It  must  be  noted  that  an  unsatisfactory  method  of  estimating  the  power 


of  an  explosion  is  accepted  by  a  number  of  authors  as  a  graphic  indication 
of  the  value  of  the  rate  of  the  process  under  explosive  conditions.  For  a 
quantitative  estimate  of  the  power  of  an  explosion  the  following  relation¬ 
ship  is  used 


D  MQr  MQID 

-  (1.1) 
where  B  is  the  power  of  the  esplosion,  M  is  the  weight  of  the 
explosive  charge,  t  is  the  tijae  (in  sec)  of  propagation  of  the 
explosion  through  the  explosive  charge,  Q  is  the  heat  of  explosion  in 
kcal/kg,  /  is  the  mechanical  equivalent  of  heat,  D  is  the  linear 
rate  of  propagation  of  the  explosion  and  /  is  the  length  of  the  charge. 

According  to  this  foiroula,  for  a  given  finite  valw  of  Q  ,  the 
povrer  of  the  explosion  B  should  increase  vdthout  botmd  as  the  time  t 
decreases,  so  that  as 

Formvila  (1.1)  is  unsatisfactory  because  in  it  the  criterion  of  the 
poirar  of  the  explosion  i.o.  the  work  capable  of  producing  products  of 
explosion  in  unit  time,  is  mistakenly  token  to  be  a  magidtude  proportional 
to  the  rate  D  of  the  propagation  of  the  explosion  through  the  charge, 
or  the  rate  of  evolution  of  energy  during  the  explosive  dooomposition 
raactuvn. 

We  note  that  the  power  referi'ed  to  unit  volume  of  explosion  products 
under  the  conditions  of  their  free  dlschargo  into  space  sho'uld  be  pro¬ 
portional  to  P9’  where  p  is  the  density  of  the  explosion  products 
and  q  is  the  rate  of  their  discharge  into  space. 

The  rapid  coui-oe  of  the  processes  of  explosive  transformation  can  be 
judged  on  the  basis  of  data  concerning  the  linear  rate  of  propagation  of 


the  explosion  through  the  explosivo  charge.  The  maximum  rate  D  of  the 
propagation  of  the  explosion  for  the  modorn  explooivoa  used  in  practice 
fluctuates  botwoon  the  limits  2000  to  9000  n/sec. 

G.-;s  formation.  .  The  high  pressures  arising  during  the  explosion  and 
tho  destructive  effect  caused  by  thm  could  not  bo  achieved  if  the  chemical 
reaction  wore  not  accompanied  by  the  formation  of  a  sufficiently  large 
qiiantity  of  gaseous  products.  These  products,  found  at  the  moment  of 
explosion  in  an  extremely  compressed  state,  are  the  physical  agents  which 
on  expansion  cause  the  extremely  rapid  change  of  the  potential  energy  of 
tho  explosive  into  mechanical  work  or  the  kinetic  energy  of  moving  gases. 

The  volume  of  gaseous  explosion  products  (calculated  under  normal 
physical  conditions)  of  some  explosives  is  given  in  Table  3. 

Table  3. 

The  volUT.io  of  exoloalon  Products. 


Name  of  exploaivs 

for  1 
Bxploeivo 

for  1  1.. , 
explosive 

Pyromylin  (13.3  ®)  ....... 

76o 

995 

Picric  acid  . 

715 

1145 

Trotyl  . 

740 

1180 

Nitroslyoerime  .  . 

690 

, 

1105 

Thus,  for  1  / .  of  normal  explosives  about  1000  1.  of  gaseous  products 
aro  fowled,  which  are  under  very  high  pressure  at  the  moment  of  explosion. 
The  maximum  pressure  during  the  explosion  of  condensed  explosives 
attains  hundreds  of  thousands  atmospheres.  Evidently,  such  pressures 


cani^-ot  ba  x-oallaad  under  the  conditi.ons  of  flow  of  normal  ahemloal 
raactions. 

During;  tho  explosion  of  gaseous  systoma  an  increase  in  volume  does 
not  usually  occur  and  in  soma  oases  the  axplosive  transformation  is  even 
accompanied  by  a  decrease  in  volume. 

An  example  of  such  a  reaction  is  the  explosion  of  detonating  gas 

2ha  — O3  — ►  2H<jO  2  ‘  57,8  kcax  > 

as  a  result  of  which  a  decrease  in  volume  by  one  third  occurs.  However, 
this  dooi'saso  in  volume  is  compensated  by  the  exothermioity  and  high  rate 
of  the  process,  duo  to  which  the  pressure  during  explosion  does,  neverthe¬ 
less,  roach  a  magnitude  of  the  order  of  10  atm. 

The  value  of  the  gas  formation  factor  can  be  established  by  a  series 
of  reactions  during  which  gaseous  products  are  not  formed.  The  simplest 
reaction  of  this  type  is  the  vall-knovin  thermite  reaction 

2AI  +  FeaO,  =  Al^O, +2Fe  + 198 

which  occurs,  as  a  rule,  without  explosion  in  spite  of  the  fact  that  the 
thermal  effect  of  the  reaction  is  sufficient  for  the  heating  of  the  end 
products  (Fa,  ^12^3)  to  3C00°,  at  which  they  are  in  a  liquid  state.  Under 
the  ignition  conditions  of  large  quantities  of  a  thermite  mixture 
phenomena  sometimes  occur  which  are  rominisoent  in  their  character  of  a 
normal  explosion.  Analysis  of  such  explosions  leads  to  the  conclusion  that 
they  are  mainly  duo  to  secondary  phonomena  connected  with  the  heating  and 
expansion,  of  the  surrounding  air  and  also  the  air  included  in  the  porous 
mass  of  the  thermite  mixture.  Moreover  an  extremely  rapid  combustion  of 
the  pulverized  powder-forming  aluminium  can  also  partially  occur  due  to 
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tho  oxygea  in  tho  air.  In  this  case  one  of  the  reaction  products  - 
^2^3  “  'rf-ll  be  foiind  partially  in  the  vapour  state. 

In  contrast  to  thermite  and  other  similar  inijituras  we  also  have  a 
number  of  substances  which  possess  all  the  characteristic  properties  of 
eajiloeives,  in  spite  of  tho  fact  that  during  their  decomposition  they  foiai 
products  which  are  found  In  a  solid  state  under  normal  conditions. 

A  ty’Jical  example  of  such  substances  is  silver  aoetyllda  which  readily  . 
explodes  according  to  the  following  schemes 

Ag;jC2  ^  2C  -f-  87  kcAi-t 

It  is  evident  that  silver  should  behave  as  a  monoatomic  gas  under 
the  temperature  conditions  of  the  reaction. 

Thus,  on  the  basis  of  the  qualitative  lavs  established  by  us,  it  can 
be  concluded  that  only  tho  simultaneous  combination  of  the  three  basis 
factors  -  exDthemlcity,  high  process  rate  and  gas  formation  -  oaa 
guarantee  that  the  phenomenon  possesses  tho  joint  properties  giving  it  the 
character  of  a  normal  explosion. 

§  2,  Classification  of  exnloslve  proce3se.s. 

Depending  on  the  conditions  of  Initiation  of  the  chemical  reaction, 
the  character  of  the  explosive  and  some  other  factors,  tho  processes  of 
explosive  transformation  can  be  propagated  at  a  varying  rate  and  <san 
possess  essential  qualitative  dlfferoncos. 

As  regards  the  character  and  rate  of  taair  propagation,  all  the 
explosive  processes  Icnown  to  us  are  divided  into  the  following  basic  types: 
corfou’;tion.  •  grcolosi.or.  and  detonation. 


I'hu  procGSios  of  proceed  coriparaoively  sloviy  and  at  a 

cl:a:'.;;;;oable  rats  -  ao'aaily  ran^inj;  frorc  fractions  of  a  csntir.etre  to 
several  nstros  per  second.  The  combustiori  rate  varies  essentially  with 
tho  external  pressure  and  increases  noticeably  vn.th  increase  of  the  latter 
an  tho  open  air  this  process  proceeds  relatively  sluggishly  and  is 
not  aeconpanied  by  any  significant  sound  effect. 

In  a  confined  space  the  process  proceeds  much  more  energetically  and 
is  characterised  by  a  more  or  loss  rapid  increase  in  pressure  and  by  the 
ability  of  the  gaseous  combustion  products  to  produce  the  energy  needed  to 
propel  a  projectile  similar  to  that  liich  occurs  during  the  firing  of  a 


01  powders. 

In  comparison  with  combustion,  explosion  is  a  qualitatively  different 
fora  of  propagation  of  the  process. 

The  distinguishing  qualities  of  an  ."orolosion  are:  a  rapid  jump  in 
pross'ore  at  tho  site  of  ejiplosion  and  a  changing  rate  of  propagation  of 
the  process  measurable  in  thousands  of  ’metres  per  second  and  depending 
comparatively  little  on  external  conditions.  The  action  of  an  explosion 
is  characterised  by  sharp  impact  of  gases  on  the  surrounding  medium  causing 
crushing  and  severe  deformation  of  objects  at  comparatively  small  dis- 
tancos  from  the  place  of  explosion. 

Detonation  is  an  explosion  propaga-ted  at  a  constant  rate  which  is 
the  maxmeum  possible  for  the  given  explosive  and  the  given  conditions  and 
which  exceeds  "tho  speed  of  sound  in  the  given  subs’tance.  Detonation  does 
not  differ  from  an  explosion  in  tho  character  and  nature  of  'the  phenomena 
but  it  represents  its  stationary  form. 
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-lid,  lisitonation  I'ato  undor  givisn  eonditlo:ia  fo'^  each  eieplosive  is 
cc.-plt-t-ly  dsouivJ.ried  by  a  coasbant  which  is  one  of  its  most  important 
ohi.r:;oteristioo.  Uador  tho  detonation  conditions  the  maximum  destruotive 
effect  of  an  esqf. onion  is  attained. 

fho  processes  of  explosion  and  detonation  differ  essentially  from 
tho  processes  of  combustion  with  respect  to  tho  .haraotsr  of  their  propa- 
•;ation;  combustion  transmits,  to  the  mass  of  the  explosive  by  metms  of 
therioil  conductivity,  diffusion  and  radiation,  whilst  explosion  and 
detonation  arc  propa^'atad  by  means  of  the  compression  of  the  substance  by 
a  shod;  v.’ave. 

More  detailed  characteristics  of  the  various  forms  of  explosive 
transformation  will  be  given  in  tho  following  chapters. 

§  3.  Olasrifioation  of  exploolvoB. 

Today  an  enormous  rrmuber  of  explosives  are  Icnowr  which  'differ  widely 
both  \vith  respect  to  composition  and  to  their  physico-chemical  and 
explosive  properties.  Because  of  this,  it  is  necessary  to  classify  them 
sy-itomatioally  for  convenience  of  investigation. 

;fLL  explosives  can  bo  divided  into  two  basic  groups;  explosive 
chemical  compourds  and  explosive  mixtures. 

r'^:olr.,^lvo  rher.-ical  oor.xour.da  are  relatively  uns'table  chemical  systems 
capable  of  rapid  exothermic  transformations  under  the  action  of  external 
influences,  as  a  result  of  which  there  occurs  complete  rupture  or  the 
introiioleo'dlar  bonds  and  the  subsequent  rocorablnation  of  the  free  e  ns 
(or  ions)  into  thormodyaamically  stable  products. 


Tl'.o  0-2  e>:plcr;iv(3;s  of  this  jjroao  oro  oxy£;cii-cOiitairJ.n2 

orya;'.io  coiapc'uads  capa'olo  of  partial  or  co^iilote  intramolecular  combustion, 
There  are,  ho;.'cvor,  quite  a  number  of  e:qilosivo  endothermic  compounds 
not  containing  onvc-^n  which  under  exrplcaion  conditions  decompose  into 
their  basic  olcmonts,  in  e:-mm:ple  of  this  type  of  compouiid  is  lead  azide 
which  decomposes  on  e:cplosion  into  free  nitrogen  and  lead  with  an 
evolution  of  energy  equal  to  the  heat  of  formation  of  this  azide  from  the 
element 3. 

Such  compounds,  as  a  role,  possess  quite  an  unstable  molecular 
struct'irre  and  high  sensiti\’lty  to  e:ct3mal  actions,  which  greatly  limits 
and  frccucrtly  s;:c.lvd.0  3  the  possibility  cf  th^ir  practical  use. 

is  an  eimmple  of  such  particularly  unstable  compounds  we  can  quote 
the  halogen  and  sulphur  compounds  of  nitrogen,  such  as:  KCl^,  ISil2» 

w?m.ch  readily  o>q)lod3  as  a  result  of  negligible  mechanical  influences. 
The  instability  of  explosive  compounds,  according  to  VAN’T  EOn?,  is 
doe  to  their  containing  molecules  possessing  special  so-called  exploso- 
phorlc  atom  groupings  \;hich  include: 

C  =  C  group,  present  in  acetylene  derivatives, 

N  -  E  group,  in  halogen  compounds  of  nitrogen, 

K  =  K  group,  in  azides,  diazo  compounds,  totrazoles,, 

=  C  group,  in  salts  of  fuiru-nic  acid  or  fulminates, 

II  =  0  group,  In  nitrates  and  nitro  compounds, 

0-0  group,  in  peroxides  and  ozonides, 

0  -  Cl  group,  in  ciilorates  and  perchlorates. 

Erolo slvQ  mixture  s  are  systems  containing  at  least  two  components 


unconnected  with  one  another  chemically.  Usually  one  of  the  components  of 


•ilio  is  a  suistaaca  vMch  is  relatively  oxygen-rich,  and  the  second 

component  ^  •. .  .  ...•'i'ier  hand,  is  a  cosibustible  substance  which  either 

contai  ,  no  oj:ygor.  v.hatsoovor  or  contains  it  in  a  quantity  insufficient 
for  conpioto  inti'csaoiccular  o:d.dation. 

llrplosive  aijcturos  are  either  lio^vi.d.  solid  or  heterOTensous 

Gaseous  aixturea  have  no  practical  application  in  explosive  tech- 
nology  due  to  the  low  energy  density  obtained  during  their  explosion. 
Gaseous  irdisbures  are,  however,  of  great  scientific  interest.  Their 
investigation  has  led  to  vital  results  in  the  study  of  the  propagation 
processes  of  an  explosion  and  also  in  the  mechanisa  and  kinetics  of 
explosive  I'oactions. 

Gaseous  niixt’ures  v;hich  are  dangerous  as  regards  ej:plosions  are 
frequently  encountered  under  different  practical  conditions.  Thus,  in 
coal-:.u.nes  firc-danp  which  is  a  nixturo  of  nethane  and  air  is  often  fopaed. 

iho  ccncustnblo  conponenus  of  liquid  explosives  are  usually  substances 
vhicn  sura  vith  a  large  thernal  effect,  such  as  benzene,  toluene,  uono- 
nuvro  cosipou..as.  As  o:ci.dizcrs  fuming  nitric  acid  and  tetranitromathane 
are  frequently  used. 

Sues,  liquid  ciisrtures  are  quite  powerful  explosives  but  in  practice 
uney  arc  rarely  used  because  of  their  high  sensitivity  and  unsuitability 
for  application. 

Solid  explosive  nixburos  are  vezy  numerous  and  find  a  wide  application 
both  in  the'  civil  and  nili  spheres.  Depending  on  the  chemical  nat’ur© 

01  uhe  oxidizing  agent  in  their  composition,  these  mixtures  be  divided 
inuO  appropriate,  sue— groups  the  most  important  of  which  are  the  Anmnir^ mn— 


lb 
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rdti’ate  o:-:plosivs3  or  .lEiaonitos.  Tho  basic  component  of  those  substincas 
is  surs^orivui  nd.trata  the  content  of  which  varies  from  •('0  to  95J^  in 

the  different  compositions.  As  combustible  component,  use  is  made  of  the 
various  nitro-aromatic  explosive  compounds  (Trotyl,  dinitrobanzene,  etc.) 
wiiich  contain  insufficient  o^gan  to  form  the  products  of  complete 
combustion. 

In  the  simplest  ammonites  tho  combustible  components  are  such 


substancos  as  coal,  eavxdust  and  various  resins.  Sxamples  of  anmonites  are 
asphaltite  (95^  5^  asphalt)  and  Amatol  (SO^  NH4NO3,  20^  Trotyl). 


Aimacrsitcs  are  uc-i  cm-tcnsively  for  civillai'i  t'.ppli cations  snd  are  convenient 


substitu'wss  for  Casio  eio^aooav^os  an  war**ta~o. 

Dynamites,  smokeless  powders  and  explosive  alloys  occupy  the  chief 
place  among  explosive  systems.  The  basic  espsloslve  oonponent  of  dyxiamltes 
is  nitaxiglyoorine.  To  the  dynamite  group  belougi 

a)  nitrogelatin  of  composition t  93^  nitroglycerine  and  1$ 
collc;cylinj 

b)  gelatinr-dynamitesi  nitroglycerine,  27-25^  potassium 

nitrate,  2-3^  collo^lin  and  8^  absorber; 

0)  pewdor-foming  dynamites  or  grisoutlne  composltionet  29-30/J 
nitroglycerine,  C, 8-1.0^  collodion  cotton,  69»5  -  63.5^  aaamoaiiaa  nitrate, 
up  to  Q.Z%  soda  or  chalk. 

The  smokeless  powders  are  systems  which  have  cellulose  nitrates  as 
the  basic  explosive  component.  Some  types  of  smokeless  powders  contain, 
moreover,  nitroglycerine  or  other  esploslves  as  well. 

liplosive  substances  and  eiiplosive  systems  can  be  divided  into  four 
groups  with  respect  to  the  basic  fields  of  their  application: 
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1)  initiating  explosives, 

2}  high  explosives, 

3)  Bissile  explosives  or  powders, 

4)  pyrotoohnical  compositions. 

TrJ.tiatip.T  explosives.  Those  are  employed  as  initiators  cf  explosive 
proces:jQS  to  stimulate  detonation  of  the  hasio  explosives,  for  example,  to 
stimulate  detonation  in  shells,  mines,  aerial  bombs,  blasting  media,  etc. 

The  distinguishing  properties  of  initiating  explosives  are: 

a)  the  ability  to  explode  in  the  form  of  detonation  under  the 
influence  of  insignificant  external  thermal  or  mechanical  actions; 

b)  their  e:q)losive  transformation  is  characterized  by  the  fact  that 
the  period  of  increase  in  its  rate "tip  to  a  maximum  is  very  small, 
incomparably  less  than  in  explosives  of  other  types.  In  some  initiating 
substances  as,  for  example,  in  lead  azide,  the  period  of  acceleration  of 
the  process  is  practically  absent,  i.e.  the  process  immediately  changes 
into  the  detonating  form  independently  of  the  dimensions  of  the  charge. 

Thanks  to  this  it  requires  only  an  extremely  small  charge  of  initiator 
to  stimulate  explosion  of  high  explosives. 

Initiating  explosives  are  used  pre-’eminently  in  the  form  of  capsula- 
dotonatora  (od).  Some  Initiating  explosives  are  used  in  compositions 
destined  for  equipping  capsule-igniters  (c-1). 

Tha  most  important  representatives  of  this  group  of  explosives  ...oj 

1.  The  salts  of  heavy  metals  of  fulmlnio  acid  or  the  so-called 
fulmLnates.  Of  these  mercury  fulminate  Hg(0NC)q  is  the  most  important. 

2.  Salts  of  hydrazoic  acid  or  azides.  The  most  widely  used  is  lead 
aside,  pbN^. 


li 


Tho  initiating  axplosivsa  also  include  soiae  organic  azidea,  for 
exa^ipla,  cyanurictriazide, 

3.  Salta  of  hea'i''*  aetals  of  styphnic  acid.  TJaeir  most  important 
representatives  are  lead  stjrphnate  or  trinitroresorcinate 

(:C0o}3  O2  Pb.  H2O. 

4.  Carbides  of  heavy  metals  or  aoetylides,  for  example,  silver 
acatylide  Ag2C2* 

5.  Initiating  mixtures  employed  as  detonating  or  igniting  compo¬ 
sitions  (the  latter  consist  nain3y  of  meroury  fulminate,  potassium 
chlorate  and  antimony  triaulphide)  are  used  in  c-i  and  o-d, 

The  initiating  explosives  of  practical  interest  also  include  tetra- 
zene  C2HgON2o,  which  is  a  derivative  of  an  unsaturated  nitrogen-hydrogen 
compound  N4H4,  and  some  nitro-aromatio  diazo-ooapounds,  for  example, 
dia zodinitrophenol . 

Because  of  their  ability  to  detonate  directly  under  the  influence  of 
external  actions,  initiating  explosives  are  sometimes  called  prlnaxy 
explosives. 

High  explosives  are  employed  as  explosive  charges  for  various  munition 
and  blasting  purposes.  In  contrast  to  initiating  explosives,  they  possess 


considerably  grater  stability.  Their  detonation  is  produced  under  the 
influence  of  relatively  large  external  actions,  usually  ^dth  the  help  of 
initiating  exj^osives.  Because  of  this,  in  contrast  to  the  Initiating 


explosives,  yaey  are  sometimes  called  secondary  explosives.  Their  basic 
form  of  explosive  transformation  is  also  detonation,  but  during  the 


stimul.atio:y  of  an  explosion  the  period  of  rate  Increase  of  the  process  up 
to  a  v.!ix\rJin  is  considerably  longer  for  high  explosives  than  for  initiating 


explosives. 


"he  jnost  important  representatives  of  explosive  compounds  of  this 


group  are; 

1.  Nitrates  or  eaters  of  nitrlo  acid.  The  most  Important  of  them 
aro  rdtroglycarine  (glycaryltrinitrate)  O^HjCONOg)^*  PSTN  (peataeiythritol 
tetranitrato )  C(CH20K02)4,  cellulose  nitrates  e.g,  O24H29O9 (0H02)t t . 

Z,  Nitro-compotinds.  Of  the  huge  number  of  these  oompoundSi  the  most 
widely  used  are  lultro-compounda  of  the  aromatic  series,  nmlnly  trinitro- 
derivatives,  ilmong  them  are; 

Trotyl  (trinitrotoluene)  C^H2(N02)3CH2, 
plcido  acid  (trinitrophenol)  C^2(®®2)30H, 


Tetzyl  (trinitrophenylmethylnitramina}  C5H2(N02}^  ^ 


CH, 


NO2 


Of  the  non-aroznatle  nitro-compounds,  note  must  be  made  of: 

Hexogen  (trimethsrlenetrinitramlne ) 

/NH2 

nitroguanidine  HN  =»  C  ^ 

^  NHNO2 

tetranitromethone  C(N02)4.  - 

The  most  important  representatives  of  the  explosive  mixtures  belonging 
to  this'  group  are  ammonites,  dynamites  and  also  some  alloys,  for  example 
the  alloys  of  Trotyl  with  Hexogen,  etc. 

>{is3lle  explosives  or  powders. 

Powders  are  mainly  used  for  missile  purposes.  Their  basic  form  of 
explosive  transformation  is  rapid  combustion. 

They  are  divided  into  two  groups: 

a)  powders  of  mechanical  mixtures  and 


b)  powders  of  nitrocellulose  or  smojcaless  powders. 

An  example  of  the  first  sub-group  is  smoky  powder,  consisting  of  75^ 
potassium  nitrate,  15%  wood  charcoal  and  10^^  sulphur. 

Nitrocellulose  powders,  depending  on  the  nature  of  the  solvent,  can 
be  used  for  gelatiniaation  of  their  basic  component,  nltroceiLlulose,  and 
are  divided  into  several  groups: 

a)  powders  in  a  volatile  solvent  or  pyro^tylin  powders  containing  up 
to  98%  of -pyroxylin,  hydroxy-ether  solvent,  diphenylamine  and  moisture; 

b)  powders  in  a  low-volatility  solvent  or  balllstites,  in  which 
nitroglycerine,  nitrodiglyool  and  such  like  substances  serve  as  solvent  of 
pyroxylin.  Balllstites  are  prepeured  from  the  so-called  soliible  pyroxylin 
and  contain  up  to  40%  nitroglycerine,  In  which  this  form  of  pyroxylin  is 
dissolved,  and  up  to  15%  of  other  additives. 

c)  Powders  in  a  mixed  solvent  or  cordites  are  prepared  from  the  so- 
called  insoluble  pyroxylin;  they  contain  up  to  60%  nitroglycerine  and  as 
an  additional  solvent  up  to  1*5%  acetone  and  some  other  additives. 

d)  Powders  in  a  non-volatile  solvent,  in  vliloh  such  explosives  as 
Trotyl,  dinitrotoluene  etc.  are  used  to  prevent  pyro^orlln  gelatinising. 

As  regards  the  categories  of  explosives,  reference  should  also  be 
made  to  pyroteohnlo  compositions,  which  under  known  conditions  euk  capable 
of  detonation  and  possess  a  comparatively  Mgh  sensitivity  to  external 
actions.  Byrotechnio  compositions,  as  a  rule,  are  mecbanloal  mixtures  of 
inorganic  oxidizers  with  organic  and  metallic  fuels  and  cementing  additives. 
The  basic  form  of  the  explosive  transformation  of  these  mixtures  is 
combustion. 


Chapter  II 


SENSITIVITY  OF  EXPLOSIVES  TO  EXTERNAL  INFLUENCES 
§  4.  Initial  or  initiating  .tmpiilse. 

I  Ib^losivea,  depending  on  the  composition,  possess  greater  or  smaller 

i 

ability  to  vfithstand  external  influences  without  undergoing  explosion 
l.e.  spontaneously  developing  ohemlcal  transformation. 

The  smaller  the  Influence  necessary  to  stimulate  explosive  trans¬ 
formation  In  a  substance,  then  the  greater  Is  Its  senaitlvltv. 

A  characteristic  corresponding  to  this  sensitivity  of  oxploiiiives 
to  external  Influences  la  the  magnitude  of  the  initial  or  Initiating 
impulse  vAilch  la  required  to  excite  explosion  In  them  under  given 
conditions. 

Various  forms  of  energy  oan  be  used  as  the  initial  ispulset 
meohani<al,  thermal  and  electrical  energy,  the  energy  of  radiation  and 
also  the  energy  of  another  initiating  explosive. 

The  quantity  of  energy  necessary  to  stimulate  6:!q>loslon  even  for  one 
and  the  same  e:q)lo3lve  In  a  given  state  is  not  a  strictly  constant 
magnitude  and  can  fluctuate  appreciably  depending  on  the  fozm  of  the 
Initial  Inpxilse  and  the  oharaoter  of  the  transmission  of  the  Influence  to 
the  explosive. 

Thus,  for  example,  under  the  conditions  of  rapid  heating  of  the 
e:q>losiva  achieved  at  high  temperatures.  Initiation  of  the  explosion  oon 

be  attained  at  oonslderably  less  expenditure  of  energy  than  under  the 
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conditlona  of  alow  heating  achieved  at  lower  teaperatures. 

During  the  slow  compression  of  some  explosives  possessing  rolativeljr 
low  sensitivity,  an  ejqplosion  cannot  be  produced  even  in  the  case  when 
the  quantity  of  work  done  during  the  compression  is  large  and  extremely 
hlgli  pressures  are  attained,  idiilst  under  conditions  of  sudden  shook  the 
initiation  of  an  explosion  in  corresponding  explosives  can  be  produced  for 
eonsidarably  less  expenditure  of  energy.  According  to  BRID(&iAN<s  data. 
Trotyl  under  conditions  of  static  compression  does  not  explode  even  at 
pressures  of  the  order  of  50,000  atm.  or  higher. 

Moreover,  the  fom  and  magnitiide  of  the  initial  isqpulse  affects 
essentially  the  ohsraeter  and  davelopment  of  the  eoqploslve  prooesses. 

Thus,  for  exsaple,  under  the  action  of  a  heat  pulse  coobtistion  of  an 
e;qpiloaive  is  obtained  under  certain  conditlona  only,  whilst  under  the 
influence  of  an  impact  and  particularly  that  of  the  explosion  of  an 
inltiatiag  ejqplosive  its  detonation  is  pre-eihinently  attained. 

In  order  to  produce  initiation  of  an  explosion,  it  is  primarily 
neoessazy  that  the  initial  impulse  be  applied  to  the  explosive  charge 
under  conditions  under  which  sufficiently  hl{^  concentrations  of  energy 
will  be  attained  even  if  only  in  a  localised  zone  of  the  system. 
Particularly  high  concentrations  of  energy  naturally  arise  during  the 
stimulation  of  an  explosion  by  means  of  initiating  explosives,  which  have 
been  extremely  widely  used  in  explosives  technology  beoause  they  possess 
this  property. 

There  is  no  rigid  equivalenoe  between  the  various  forms  of  initial 
impulse  with  respect  to  the  results  of  their  action  on  one  and  the  same 


e:x^losive.  Thus,  for  cxamplo,  lead  azide  Is  more  sensitive  to  mechanical 
Influences  than  to  a  thermal  impulse,  whilst  the  picture  is  the  reverse 
for  lead  styphnate. 

A  ohlorlne-hydrogen  mixture  (CI2  +  H2)  Is  passive  to  a  heat  pulse, 
but  easily  explodes  uxider  the  action  of  light  rays,  which  excite  an 
intensive  photo-ohemlcal  chain  reaction  in  the  gas. 

The  selectivity  of  e^^osivea  towards  their  response  to  an  external 
impulse  is  deteznined  by  the  combined  manifestation  of  those  of  their 
chemioal  and  physical  properties  ^oh  can  influence  essentially  the 
coziditions  of  consumption  of  energy  by  the  substances  and  the  stimulatlor 
in  them  of  a  ohemioal  reaotlon  by  some  initiating  impulse* 

§  5.  Sensitivity  of  explo.jaives_i.o  heat  pulses. 

A  measure  of  the  sensitivity  of  an  e^qplosive  to  a  heat  pulse  is 
usually  given  by  the  ezQ)losion  temperature  established  for  quite  definite 
experimental  conditions. 

The  explosion  temperature  is  the  temperature  to  which  a  given  quantity 
of  eiqplosive  should  be  heated  to  obtain  its  Ignition,  during  which  the 
ohemioal  transformation  of  the  substanoe.^a  accompanied  by  a  greater  or 
lesser  sound  effect. 

To  secure  ei^osion  it  is  neoessazy  to  increase  the  beat  supply 
specified  by  the  oourse  of  the  chemical  reaotlon  so  that  it  exceeds  the 
heat  losses  due  to  eonduotivity  and  radiation  of  heat. 

£:qplosion  occurs  at  the  moment  when  the  rate  of  the  process  reaches 
some  orltloal  value  oorre spending  to  explosive  conditions. 


Thus,  on  heating  an  explosive  the  explosion  temperature  is  always 
preceded  by  a  period  of  acceleration  of  the  chemical  reaction.  The 
interval  of  time  between  the  cotomencement  of  heating  and  the  moment  of 
explosion  of  the  explosive  is  called  the  induction  period  or  the  ignition 
time  lag. 

For  explosive  substances  the  oonneotion  between  the  ignition  time 
lag  and  the  e:q}loalon  temperature  is  expressed  by  the  lav’ which  was  first 
obtained  by  N.N.  S£^07: 

^  =  (5..1) 

where  x  is  the  ignition  time  lag  in  E  is  the  aotivation  energy 

of  the  explosive  appropriate  for  an  e:^losive -  reaction  in  cal/mole.  R  is 
the  gas  constant  equal  to  1.986  cal/mol  deg.;  C  is  a  constant  dependent 

on  the  composition  of  the  explosive;  T 
is  the  e3q>losion  or  ignition  temperature 
in  degrees  Kelvin. 

From  this  expression  it  is  evident 
that  on  decrease  of  the  activation 
energy  E.  and  on  increase  of  the  ig¬ 
nition  temperature  T  ,  the  ignition 
time  lag  x'  decreases  rapidly.  The 
variation  (S.l)  oan  be  conveniently 
presented  in  the  logarithmic  form 


Fig.l.  Variation  of 
ignition  time  lag  with 
temperature. 


Inx  =  lnC+^ 


there  exists 


From  this  es^ression  it  follows  that  between  In  x.  and  y 
a  linear  dependency  (Fig.  1),  ^dxLoh  has  been  oonfimed  experimentally  for 
the  majority  of  the  explosives  investigated. 

The  slope  of  the  straight  line  on  this  graph  eqiuils  ^  on 

the  basis  of  experimental  data  concemlng  explosion  temperatures  it  is 
p  ossibli  to  detetnine  h  which  is  an  important  characteristic  for 
explosives. 

The  explosion  temperature  of  an  e:q>lo8ive  is  not  a  strictly  constant 
magnitude I  but  varies  essentially  with  the  experimental  conditions:  the 
quantity  of  tested  explosive,  its  degree  of  pulverisation,  the  methods  of 
testing  and  other  factors  determining  the  conditions  of  heat  supply  and 
auto-aoceleration  of  the  reaction,  fieoausa  of  this,  in  order  to  obtain 
comparable  results  the  tests  must  be  carried  out  under  strictly  defined, 
standard  conditions. 

In  determining  explosion  temperatures  of  condensed  ei^osives,  the 
following  two  methods  ere  most  widely  used: 

1)  A  given  quantity  of  e3q>loslve  at  a  certain  initial  temperature 
is  heated  at  constant  rate.  In  this  way  the  temperature  is  determined  at 
which  ignition  occurs.  The  explosion  temperature  thus  obtained  depends 
mainly  on  the  initial  tec^erature  of  the  explosive  and  becomes  higher  as 
the  rate  of  heating  inoreases.  This  method  is  in  wide-spread  use  for 
practical  tests  on  e::q>loslves. 

2)  The  second  method  consists  of  establishing  the  relatlon^p 
between  the  change  in  ignition  time  lag  and  the  temperature;  experimental 
resxilts  are  usually  stressed  in  the  form  of  a  graph  (Fig.  2).  This 
method  tMoh  permits  the  response  of  an  explosive  to  a  haat  pulse  to  be 


charaaterized  more  precisely  and  com¬ 
pletely  is  used  pre-eminently  .in  research 
and  much  aora  rarely  for  routine  tests  on 
explosives. 

For  every  explosive,  under  corres¬ 
ponding  experimental  conditions,  there 
exists  a  temperature  below  >diidi  Ignition 

generally  does  not  occur  however  long  the  Fig.  2.  Variation  of 

ignition  delay  vdth 

explosive  la  heated.  This  is  explained  as  temperature, 

follows . 

The  process  of  theznal  decomposition  of  an  explosive  can  be  divided 
into  three  periodst  the  induction  period  connected  with  the  fozmation  of 
the  initial  centres  of  reaotion,  the  period  of  auto-aooeleratlon  of  the 
reaction  and  the  period  of  its  extinguishment. 

At  suffloiently  high  heating  temperatures  the  induction  period  is 
small j  as  a  result  of  auto-aooeleratlon  of  the  reaotion  its  rate  can 
attein  a  orltlool  value  v„  ,  corresponding  to  the  commenoement  of 
ignition  in  the  presence  of  a  sufficient  quantity  of  a’s  yet  undeoomposed 
material. 

If,  however,  the  heating  temperature  of  the  explosive  is  below  a 
certain  limit  and  the  reaotion  rate  increases  too  slowly  as  a  result,  then 
the  initial  explosive  is  depleted  sooner  than  the  critical  value  of  the 
reaotion  rate  is  attained.  In  this  case  because  of  the  unfavour¬ 

able  relationship  between  the  external  heat  supply  and  the  heat  losses, 
auto-aooeleratlon  of  the  reaotion  can  :lndeed  not  occur.  From  this  it  can 
be  concluded  that  the  explosion  temperature  up  to  a  known  limit  should 
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depend  on  the  quantity  of  ejqjlosive  undergoing  heating,  that  is,  it 
shovild  decrease  somewhat  on  increase  in  the  quantity  of  explosive. 

According  to  PATRY'a  investigations  for  1  g.  mercury  fulminate  the 
e^qjlosion  temperature  equals  12S°j  for  10  g.  it  is  115°C;  the  igrdtion 
time  lag  exceeded  7  hours. 

The  minimum  explosion  tesperatures  for  soma  eiigplosives  are  given  in 
Table  4  (weight  of  erxplosive  ■  0.05  g. ). 


Table  4. 

Explosion  tenoeratures  of  some  explosives 


Nm<  6t  txfiXativ» 


Si^loalon 

iaaparatur*. 

fo 

ignition 
tiaa  lag, 
T.aas 

276 

423 

276 

143 

300 

240 

245 

31 

200 

18 

87 

85 

180 

40 

160 

25 

.Ti-initr.otoluatt*'  .  .  . 
Trinltrophenol  ,  ,  . 
Trlnitroxyltn*  .  .  , 

Trial trortsoroinol,  . 
Trlnitrqpnlorogluclaa 
Trlnitropheayl^traala* 
Tetryl'  ...  .  .... 

trlaltrophsaalathyXaiirBBia* 


The  minintum  explosion  t^peratures  of  explosives  are  of  interest 
mainly  from  the  point  of  view  of  problems  oonneoted  with  safety  teohnlques. 
At  the  same  time,  however,  it  must  be  remembered  that  on  increasing  the 
mass  of  the  heated  explosive  the  minimum  explosion  temperature  can  be 
considerably  lover  than  in  laboratory  experiments  due  to  the  changed 
conditions  of  heat  supply. 

Of  the  physical  properties  of  explosives  the  most  essential  quantity 
for  processes  of  thermal  initiation  is  their,  volatility. 


The  conditions  of  ignition  and  the  e.xplosloQ  tempei«ture  depend  to  a 
large  extent  on  the  ratio  of  the  rats  of  the  chemical  reaction  to  the  rate 
of  the  vaporization  (sublimation)  of  the  explosive.  The  value  of  this 
factor  for  explosive  processes  was  first  established  by  BELYAEV, 

If  the  quantity  of  explosive  is  sina:il  and  it  possesses  high  volatility 
then  the  substance  con  be  completely  consumed  in  the  heating  process  by 
means  of  sublimation  or  vaporization  sooner  than  the  necessary  conditions 
for  the  vigorous  auto>aooeleratlon  of  the  reaction  are  attained. 

Thus,  for  trlnitroanlllne  and  trinltrophenylenedlanine  each  taken  in 
a  quantity  of  0<05  g,  it  was  not  possible  to  deteot  ignition  even  at 
-eaperaturas  oxcoading  cCC°G.  Cn  inc_«;;slng  the  quun'iity  to  L*1 
ignition  was  attained  under  the  folloidng  conditions t  for  trinitroanlline 
at  -t  a  2*6  seo,  t  «  500^0-,  for  txdnltrophenylenediamlne  at  t  <■  11*2 
sec,  t  ■  520®C, 

On  decreasing  the  temperature  below  500^0  for  trinltrophenylene- 
diamine,  ignition  could  not  be  attained  because  of  the  decrease  in  the 
reaotlon  rate  and  the  value  prevedllng  for  the  volatility  factor  at  these 
temperatures. 

It  is  evident  that  at  higher  pressures  the  volatility  of  the 
explosive  will  decrease  noticeably  and  at  sufficiently  hl^  pressures  will 
be  almost  completely  eliminated. 

In  some  cases  during  the  practical  application  of  explosives,  the 
initiation  of  the  explosion  is  aohieved  by  extremely  brief  heat  pxilses 
(for  example,  during  the  transmission  of  an  explosion  from  a  oapsule- 
Ignltor  to  a  oapsule^detonator),  during  whloh  the  ignition  time  lag  does 
not  exceed  thousandths  or  even  ten-thousandths  of  a  second. 


The  conditions  of  Ignition  and  the  explosion  temperature  depend  to  a 
large  extent  on  the  ratio  o"  ^le  rate  of  the  diemioal  reaction  to  the  rate 
of  the  vaporization  (sublimation)  of  the  explosive.  The  value  of  this 
factor  for  explosive  processes  was  first  established  by  BELYAEV. 

If  the  quantity  of  explosive  is  small  and  it  possesses  high  volatility, 
then  the  substance  can  be  completely  consumed  in  the  heating  process  by 
means  of  sublimation  or  vaporization  sooner  than  the  necessary  conditions 
for  the  vigorous  auto-acceleration  of  the  reaction  are  attained. 

Thus,  for  trinitroaniline  and  trinitrophenylenedlanine  each  taken  in 
a  quantity  of  0*05  g,  it  was  not  possible  to  detect  Ignition  even  at 
temperatures  exceeding  600°C.  On  increasing  the  quantity  to  0‘1  g, 
ignition  was  attained  mder  the  following  conditions:  for  trinitroaniline 
at  t  «  2*8  seo,  i  •"  500^0 j  for  tr£)nitropbenylenediamine  at  t  ■  11«2 
sec,  t  «  520®C. 

On  decreasing  the  temperature  below  500^0  for  trinitrophenylene- 
diamine,  igxdtion  could  not  be  attained  because  of  the  decrease  in  the 
reaction  rate  and  the  value  prevailing  for  the  volatility  factor  at  these 
temperatures. 

It  is  evident  that  at  higher  pressures  the  volatility  of  the 
explosive  vdll  decrease  noticeably  and  at  sufficiently  high  pressures  will 
be  almost  completely  eliminated. 

In  some  oases  during  the  practical  application  of  explosives,  the 
initiation  of  the  explosion  is  achieved  by  extremely  bid-ef  heat  pulses 
(for.  example,  during  the  transmission  of  an  explosion  from  a  capsule- 
igniter  to  a  capsule-detonator),  during  which  the  IgTXltlon  time  lag  does 
not  exceed  thousandths  or  even  ten-thousandths  of  a  second. 
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570°C  which  is  of  the  same  order  of  magnitude  as  the  temperatwe  given 
above  for  this  explosive. 


Nevertheless  it  must  be  noted  that,  generally  spea3d.ng,  extreme  care 
must  bo  taken  in  using  such  methods ' of  extrapolation  for  the  follovdng 
reasons: 

a)  the  possibility  cannot  be  excluded  that  a  change  can  occur  in  the 
very  character  of  the  chemical  decomposition  of  the  e:^05iva  on  transfer 
from  lower  temperatures  to  higher  temperatures; 

b)  under  standard  oonditions  of  testing  e:q>loalves  for  sensitivity 
to  a  heat  surge  va  identify  the  ignition  temperature  of  the  e^:plosive  with 
the  temperature  of  Its  heat  source  i^jh  'or  very  small  ignition  delays 

(  T'<  10^  sec)  oaxmot  be  considered 

correct  (the  actual  temperatiure  to  which 
the  ej^oslve  is  heated  will,  of  course, 
be  noticeably  lower). 

To  determine  the  e:iq}lo8lon  temper* 
atures  of  explosives,  devices  of  various 
construction  are  employed.  Most  frequently, 
tests  are  carried  out  with  the  apparatus 
presented  sohenatloally  in  Pig«3<> 

It  consists  of  a  meteiUlc  cylindrical 
bath,  a,  filled  with  Wood's  alloy.  Heating 
is  achieved  by  means  of  an  eleotrlo  cur¬ 
rent  with  the  help  of  a  nl chrome  coil.  The 
temperature  of  the  bath  is  regulated  by 
means  of  rheostats.  To  decrease  heat 


Fig.  3.  Apparatus  for 
determining  erqsloslon 
temperature. 
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transfer  and  for  convenienco  of  working,  the  bath  is  surrounded  by  a  brass 
jacket,  b,  leaving  an  ai-"  clearance  betv'eon  the  bath  and  the  jacket. 

The  top  of  the  bath  is  covered  by  an  iron  lid,  c,  with  orifioeaj 
through  the  central  orifice  passes  a  theraoneter  eiabedded  in  the  alloy  and 
protected  from  the  effects  of  the  ensplosion  by  a  metal  case;  the  other 
orifices  are  used  for  the  passage  into  the  bath  of  special  cartridge  cases 
containing  e^cplosive,  d.  The  charge  is  normally  0.05  g. 

The  detexminations  are  carried  out  according  to  one  of  the  following 
methods. 

1.  A  cartridge  charged  with  e^^losive  and  plugged  with  a  stopper, 
is  Introduced  into  the  hath  previously  heated  to  100^.  lannedlately  after 
the  Insertion  of  the  cartridge  the  bath  temperature  is  Increased  unlfoznly 
at  the  rate  of  20°  per  minute  and  the  temperature  is  noted  at  iMoh 
ignition  occurs. 

2.  The  bath  Is  heated  to  a  definite  temperature  close  to  the 
expected  explosion  temperature;  the  charged  cartridge  is  embedded  in  the 
alloy  to  a  detenained  depth  and  the  time  elapsing  until  ignition  occurs 
is  recorded.  By  means  of  a  series  of  e^qperiments  it  is  possible  to 
establish  idthln  an  accura^  of  5^  the  least  temperature  below  vdiich 

.ignition  does  not  occur  when  the  test  is  continued  for  a  definite  period 
of  time  (5  min.  or  5  sec). 

This  temperature  is  also  taken  to  be  nominally  the  explosion 
temperature  of  the  explosive. 

3.  In  some  cases  the  test  on  the  explosive  is  carried  cut  in  sealed 
glass  ampoules  vMch  makes  it  possible  to  change  the  explosive  during  the 
period  of  test.  A  special  glass  apparatus  (illustrated  in  Fig.  4}  was 
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proposed  by  KOSTEVITCH  for  this  purpose. 

Explosion  temperature  data  for  the 
most  important  explosives  are  given  in 
Table  5  (delay  time  5  min). 

To  determine  the  explosion  temper¬ 
atures  of  explosives  for  very  small 
ignition  delays,  BOWEN  and  lOF'i^'E  employed 
the  method  of  rapid  adiabatic  compression 
of  air  over  the  explosive.  In  this  case 
the  minimum  degree  of  compression  of  the 
gas  was  dotezmlned  at  which  explosion 
occurred  for  a  given  quantity  of  explosive. 

From  the  results  of  these  experi¬ 
ments  the  corresponding  temperatures  were 
calculated  using  the  well-knoim  relation¬ 
ship 


a 


r? 


Fig. 4.  KOSTEVITCH 's  apparatus 
for  e:;plosion  temperature 
determination; 
ti,  t2  -  thermometers, 
a  -■  bath, 

b  -  ampoule  loaded  with 
explosive. 


vhere  tig  is  the  initial  volume  of  gas,  Vi  is  the  final  voltase  of 


Table  5 


Tbd  explosion  temperature  of  some  explosives 


N&no  of  exploslVA 

Explosion 

teaperaturo; 

1  Naoe  of  ei^loaive 

Explosion 

temperature, 

“C 

Marcury  fulminata,  ,  . 
Lead.azido  •  .  •  .  .  , 
Sliver  azide  .  .  .  .  , 
Lead  atyphnate.  ,  .  . 

Pyroxylin  .  . 

Uitroglyoeriao  .... 
Trtityl  .  .  ' . 

175—180 

315-330 

310—3^0 

270—280 

185—195 

200—205 

300—310 

295-310 

Tetryl; . 

IHoxogen .  ,  1  .  ,  ,  . 
■FET« . 

1  TvlV*)  a  .......  . 

190—200 

225-235 

210-220 

315-330 

220 

180—200 

290—310 

1  'Aoatol  . . 

'Smokeleas  gunpowder.  . 
Smoky  gunpowder  ,  ,  . 

'i 


I 


I 
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gas  undv'^r  the  conditions  of  its  coaipression,  7  is  the  adiabatic  index, 
To  and  T"]  are  the  initial  and  final  temporatui-es  in  °K.  The  data 
obtained  ano  given  in  Table  6. 


Table  6. 


Explofilvfi 

doiay, 

alcroiieo 

Exploaion 

tcapera.ura, 

•0 

Nitroglyoarlna  .  ,  .  . 

150 

4S0-'t80 

>E7N . 

460—500 

Lend  azidd  . 

10 

570-600 

Tatrazana . 

5 

400-450 

§  6.  Impact  sensitivity  of  explosives. 

Teats  on  the  Impact  sensitivity  of  explosives  are  carried  out  by 
means  of  drop-hammer  machines. 

The  basis  of  the  test  is  to  determine  the  energy  of  the  impact 


Fig. 5.  Arc  drop-hammer 
machine. 


necessary  to  obtain  either  explos¬ 
ions  alone  or  failures  alone  or  a 
definite  proportion  of  the  two. 

In  testing  initiating  explosives 
possessing  particularly  high  impact 
sensitivity,  an  arc  drop-hammer 
machine  is  usually  used  (Fig.  5). 

It  consists  of  an  iron  bass,  a, 
with  a  steel  £invll,  a  graduated 
measuring  arc,  b  and  a  load,  p, 
attached  to  the  end  of  the  rotating 


arm,  c.  The  load  is  maintained  at  a  corfcaia  height  by  a  hinged  supporting 
arm,  d,  vMch  can  travel  along  the  arc  and  is  attached  to  it  by  a  clamp. 

On  the  anvil  there  is  a  guide  block,  e,  for  a  steel  striking  pin,  k,  with 
a  flat. 

A  definite  quantity  of  explosive  (usually  0.02  g)  is  compressed  under 
pressure  (500  or  1000  kg/can^)  into  the  brass  cap  of  a  capsule  of  a  pistol 
cartridge  and  covered  with  foil  (Fig.  6).  The  capsule  is  installed  by 
means  of  a  special  centreing  bracket  at  the  centre  of  the  anvil  under  the 
flat  of  the  striking  pin. 

The  sensitivity  of  the  initiating  e:qplosives  to  impact  is  taken  to  136 
characterised  by  the  upper  and  lover  limits  of  sensitivity  i.e.  the 
minimum  drop  height  H  of  the  load 
at  which  100^  630)10  sions  are 
obtained  for  a  definite  number  of 
tests  (usviolly  xu>t  less  than  ten) 
and  the  maxiiiium  drop  height  of  the 
load  at  vMch  100^  failures  are  ob¬ 
tained  for  the  same  number  of  tests. 

The  upper  limit  of  sensitivity  ,H] 
failure"  of  the  capsule  and  the  lower  lizsit  the  condition  for 

handling  it  without  danger. 

VMlst  testing  initiating  substances  or  pioduots  from  them,  the 
upper  And  lower  limits  are  sometimes  supplemented  by  the  conatzuotion  of 
a  complete  curve  of  sensitivity,  the  genez^  chaz^^ter  of  iMch  is  shown 
In  Fig.  7. 

In  testing  the  less  sensitive  high  e39loslves  a  vertical  impact 


Fig.  6.  Capsule, 
defines  the  condition  of  "no- 
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machine  is  usually  used  (Fig.  8).  It 
' consists  of  two  vertical  and  strictly 
parallel  guides,  a,  between  which  a 
load,  b,  can  move  freely.  The  weight 
of  the  load  is  chosen  according  to  the 
sensitivity  of  the  e:g>losives  being 
investigated.  The  load  is  fitted  with 
a  small  head,  o,  which  is  fixed  between 
the  grips  of  a  release  clamp,  d.  The 
latter  slides  along  a  special  guide 
and  together  with  the  load  can  be 
fixed  at  any  required  height.  Below, 
on  the  fixed  base,  there  is  a  massive  steel  anvil,  e,  on  v&ich  are  placed 
the  devices  containing  the  esqilosive  to  be  investigated. 

Today,  plunger  devices  are  widely  used  (Fig.  9).  The  plunger 
device  consists  of  an  anvil  and  face,  for  which  standard  steel  roller 
bearings  are  used  (  d  10  mm,  h  =10  mm),  guide  sleeve  and  a  base. 

In  working  with  this  device  the  quantity  of  explosive  used  is  0.05  g. 

To  obtain  the  required  results  on  impact  sensitivity  in  testing 
explosives  it  is  necessary,  above  a2J.,  to  maintain  Identical  esiperimental 
conditions.  Special  attention  should.be  given  to  the  quality  of  the 
plunger  devices}  the  clearances  between  the  face,  the  anvil  and  the 
sleeve  should  be  completely  determined. 

The  drop  height  of  the  load  in  tests  should  not  exceed  the  limit  at 
^Moh  residual  deformation  arises  in  the  elements  of  the  system;  other- 


Fig.  7.  Curve  of  impact 
sensitivity  of  Initiating 
explosives. 


uiso  the  o:q30rimental  conditions  becoae 
indeterminate. 

The  sensitivity  of  iiiijh  e^tplosives 
to  Inpaot  is  most  frequently  characterised 
by  one  of  the  follovdng  methods; 

1,  The  determination  of  th©  percentage 
of  explosions  obtained  on  dropping  the 
weight  from  a  definite  height.  The  standard 
tes'^  conditions  arei  the  weight  of  the 
load  P  =  10  kg  and  its  drop  height  H  => 
25  cm  (or  P  *  2  kg  and  H  =  50  cm). 

The  results  of  the  determinations  for  some 
explosives  are  given  in  Table  7. 

2.  The  determination  of  the  critical 
enorgy  of  impact  {Km  =  PH)  ,  corres¬ 
ponding  to  50^  probability  of  explosion, 

Many  investigators  (S0K0L07, 

URSANSKIY,  WELLER,  TAYLOR,  etc.)  adhere 
to  the  opinion  that  in  estimating  the 
impact  sensitivity  of  an  explosive  it  is 
necessary  to  subtract  from  tho  total  impact 


Fin.  8.  Vertical  drop- 
hammer  machine. 
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Flfr.  9,  Plunger  device 
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energy  that  part  which  is  consmed  by  the  rebovmd  of  the  load  and  in  this 


Table  7. 


Irgpact  .  ^nsltivity  of  high  e?:plosives 


The  teats  wore  carried  out  with  samples  of  higb-purity  eaylosives  {  ^ 

10  kg,  H  =26  cm). 


— 

Kose  of  explosive 

Nufiber  of 
explosions 
in  ICM)  testa 

Kose  of  exploeiv. 

I'uaber  of 
exnlaslone 
In  loo  teete 

Trotyl  . 

Trinitrophonol  .... 
Trin.itrojQrlyt ..... 
frinitrooreaol  .... 
■Totryl  ........ 

4—8 

18 

22 

34 

45-55 

Styphiu.0  acid  ..... 
Hexogen . .  . 

Vrr.'i . 

JUatol  eo/20*  .  .  . 

64 

75-80 

100 

16-18 

connection  recommend  as  a  eharaeterlstlc  of  the  sensitivity  of  an 
e^cplosive  the  magnitude 


=  Wo)  =  P//(l  -a), 


(6.1) 


where  fic  is  the  rebound  height  of  the  load  and  a=' 


ti  ■ 


Sebound  of  the  load  occurs  due  to  the  elasticity  of  the  material  of 
the  weight,  the  plunger  devices,  the  anvil,  etc. 

In  determining  the  impact  sensitivity  of  an  explosive  it  is  not 
possible  to  guarantee  the  strict  maintenenoe  of  identioal  e:q)erimental 
conditions,  since  in  repeated  tests  eii^losions  and  failures  are  distributed 


“  80/20  signifies  that  the  composition  of  amatol  is  SOjJ  ammonium  nitrate 
and  20^  trotyl ^ 


statistically  according  .to  tho  law  of  errors.  The  experimental  errors 
decrease  appreciably  with  increase  in  the  number  of  i>-'  .'.cts. 

Hesoaroh  has  shown  that  if  a  sufficiently  large  number  of  tests  is 
carried  out  at  each  height,  then  the  sensitivity  curve  constructed 
directly  on  the  basis  of  expcrimontal  data  coincides  almost  completely 
with  the  distribution  curve  calculated  on  the  basis  of . probability  laws. 

Accepting  the  magnitude  Km  ,  according  to  formula  (6.1),  as  the 
criterion  for  the  sensitivity  of  an  Qxploslvo,  some  investigators 
(MURAOUR,  TAYLOR,  YUILL,  etc. )  assumed  that  this  part  of  the  energy'  during 
Impact  is  completely,  or  almost  completely,  consumed  in  the  'explosive 
contained  in  the  plunger  device.  Eowover  it  is  not  difficult  to  prove 
that  the  magnitude  Km  does  not  represent  the  proportion  of  energy 
which  is  responsible  for  the  excitation  of  an  explosion. 

The  total  energy  balance  on  dropping  the  load  into  an  uncharged 
device  can  be  represented  in  the  following  way  to  a  sufficient  approxi¬ 
mation: 

where  K^PH  is  the  energy  acquired  by  the  load  at  the  moment  of 
impact,  K,  is  the  irreversible  loss  of  energy  in  the  impact  machine 
system,  Ki  is  the  energy  of  elastic  deformation  of  the  plimger  devices 
and  the  metallic  elements  of  the  machine. 

The  energy  of  the  elastic  defomatlon  of  metal  Ki  ie  consumed  in 
the  rebowd  of  the  load,  i.e. 

'Ki  =  PH,. 

On  testing  the  explosive  in  a  standard  case  the  height  of  the  load 
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rebound  can  be  quite  largo. 

According  to  our  e^qjerinents,  tdien  a  load  of  10  kg  is  dropped  from 
various  heignts  onto  an  tmcharged  plunger  device  the  magnitude  H( 
changes  as  shorn  in  Table  3. 

Table  3. 


From  these  data  it  is  evident  that  the  ratio  Hq/H  for  a  given 
construction  of  machine  and  plunger  device  has  an  average  value  0.5  aad  on 
Increase  in  the  drop  height  of  the  load  it  Increases  somewhat.  However  at 
sufficiently  large  values  of  H  the  mag.iitude  flo  begins  to  deci’easa 
appreciably  which  is  connected  \tL%h.  the  additional  irreversible  energy 
consumption  in  the  plastic  deforjaation  of  the  metal. 

Thus  it  is  possible  to  conclude  that  in  the  absence  of  an  explosive 
the  energy  losses  in  the  system  amount  on  an  average  to  about  50%  of  the 
total  impact  energy. 

’t/hen  the  load  drops  on  a  device  charged  vdth  explosive,  the  total 


energy  balance  will  be 


K=^  n'~  I'iii 

where  is  the  irrevei'eiblo  energy  loss  in  the  inpaot  machine  system; 

Ki  is  the  energy  of  elastic  dofomation;  Ks  is  the  energy  absorbed 
by  the  explosive. 

Experiment  shows  that  for  devices  charged  with  e:!q)loslves  the  load 
rebound  height  Wo  differs  only  insignificantly  from  Wo  the  rebound 
height  in  the  absence  of  explosive.  Thus,  for  standard  test  conditions 
(  P  “  10  kg  and  W  =  25  cm),  (Wo  —  Wo' )  amounts  in  all  to  only  ' 

1.5  -  2.0  cm. 

This  fact  implies  that  a  negligible  part  only  of  the  impact  kinetic 
energy  is  absorbed  by  the  explosive  itself.  The  rjant  portion  of 

tbs  energy,  ^ust  as  In  the  absence  of  e^^losive,  is  used  up  In  the  load 
rebound  and  the  irreversible  losses  in  the  impact  maohine  system.  Under 
standard  test  conditions  the  thiclmess  of  the  explosive  layer  in  the  com¬ 
pressed  state  is  of  the  order  of  0.1  mm,  because  K[  should  be  only 
insigniz’icantiy  loss  than  Kt  . 

Thus,  it  must  be  concluded  that  =  Wo)  does  not 

represent  the  portion  of  the  energy  which  is  dissipated  in  the  explosive 
itself  and  should  be  of  the  same  order  as  K\ 

Becauae  of  this,  Aso  as  a  quantitative  measure  of  sensitivity  is  an 
extremely  nominal  magnitude  and  can  only  serve  as  a  characteristic  for 
comparing  explosives  under  given  test  conditions.  On  changing  the 
construction  and  the  characteristics  of  the  impact  machine  and  plunger 
devices  the  relationship  between  Ai,  and  As  and  consequently  the 


Eagnitudo  Km  will  essentially  change,  which  is  the  fundamental  reason 
for  the  absence  of  pirpar  agraemesnt  between  the  data  on  the  sensitivity  of 
explosives  derived  by  various  authors. 

The  energy  '  Kj,  absorbed  on  impact  in  the  explosive  itself  cannot  be 
iateimined  exactly  and  therefore  cannot  be  used  directly  as  a  oriterloa 
of  the  sensitivity  ex'  the  a:q)losiva. 

The  critical  conditions  under  which  it  is  possible  to  initiate  an 
explosion  will  depend  not  only  on  the  total  quantity  of  energy  absorbed 
by  the  substance  during  impact  but  also  on  the  maximum  stresses,  arising 
in  the  explosive,  under  the  influence  of  which  movement  of  the  particles, 
plastic  defoxmatlon,  flow  of  e^qsloslve  through  the  clearances  and  other 
phenomena  leading  to  its  heating  occur.  On  increasing  these  stresses  the 
temperature  of  the  foci  of  heating  will  increase  and  the  probability  of 
explosion,  as  a  rule,  increases  oven  in  the  case  lAien  the  energy  of 
absorption  of  the  explosive  does  not  Increase. 

The  stresses  arising  in  an  explosive  upon  Impact  in  a  drop-hammer 
machine  can  easily  he  determined  from  data  on  the  energy  of  elastic 
deformation  K^. 

In  the  calculations  it  is  possible  to  negleot  the  elastic  deformation 
of  the  main  Impact  machine  and  load,  because  the  compression  in  them  will 
be  considerably  less  than  in  the  cylinders  since  the  stresses  in  them  are 
spread  over  an  Incomparably  larger  area 

According  to  the  theory  of  elasticity  it  is  sufficiently  accurate  to 


^2^ 


(6.2) 


where 


is  the  Eiaidraiua  streps  arising  in  the  metal  of  the 
cylinders,  /  is  the  height  of  the  cylinders,  s  is  their  cross- 
sectional  area,  is  the  reduced  modulus  of  elasticity  of  the 

rollers-explosive  system.  '  . 

The  magnitude  £  is  only  a  little  less  than  the  modulus  of 
compression  of  the  metal  of  the  rollers,  since  the  thickness  of  the 
explosive  layer  (O.l  mm),  tald.ng  part  in  the  el.-  ic-  deformation,  amounts 
to  only  1/200  of  the  total  height  of  the  rollers  (  ^  =  20  mm). 

The  energy  of  elastic  deformation  of  the  metal  is  consumed  in  the 
load  rebound  i.e. 


(6.3) 

rsd 

where 

The  expression  (6.3)  can  serve  as  an  estimate  of  the  aaximua 
stresses  arising  on  impact  in  an  e^^plosive,  since  o^u  in  the  metal 
of  the  cylinders  and  in  the  explosive  should  be  equal'. 

On  using  the  usual  plunger  devices  and  standard  test  conditions 
(  P  =  10  kg,  W  «=  25  cm)  for  high  explosives,  a^tj  attains  15,000 
kg/cu^,  is  a  magnitude  which  determines  to  a  knom  extent  the 

state  of  the  ertplosive  (the  degree  of  its  deformation  and  the  compression 
of  the  air  enclosed  in  it)  which  should  be  taken  into  account  in  estimating 
the  possible  regions  of  local  heating  of  the  explosive  and  the  probability 
of  explosion  occurring  in  it. 

The  expression  (6.3)  shows  that  the  experimental  results  on  the 
impact  sensitivity  of  an  explosive  should  to  some  extent  depend  on  the 


load  robovad  height  and  the  elastic  propea'tics  of  the  cylinder  netal. 
Expei'insntal  investigations  ooafina  tills; 

1)  It  is  kaovm,  for  exsapla,  that  the  use  of  copper  cylinders 
reqiiires  a  soaewbat  greater  Impact  energy  to  obtain  e:xplosion  than  the 
use  of  steel  cylinders.  The  modulus  of  elasticity  of  copper,  E  = 

10^  'jig/aaP-  and  for  steel,  £  «  2  x  10^  kg/csn^.  Therefore  for  copper 
cylinders  at  a  given  load  drop  height,  the  rebound  height  is  someii^t  less 
than  for  steol  cylinders. 

2)  In  the  presence  of  a  rubber  layer  between  the  plunger  device  and 
the  base  of  the  Impact  machine,  the  load  rebound  height  increases 
noticeably,  and  to  obtain  a  given  percentage  of  eiqilosions  it  is  necessary 
to  consume  correspondingly  larger  amounts  of  Impact  energy,  vMoh  at  first 
glance  would  appear  to  contradict  the  supposition  e::pressed  above  con¬ 
cerning  the  possible  affect  of  the  magnitude  0o„  on  the  probability 
of  an  e:xplosion  occurring  on  impact.  This  contradiction,  however,  is 
only  apparent,  since  the  rubber  layer  is  responsible  for  a  considerable 
decrease  in  E  because  of  the  relatively  small  value  for  the  modulus  of 
elasticity  of  rubber. 

3)  Nuaa..'ous  investigations  show  that  on  increasing  the  weight  of 
the  dropping  load  somewhat  rore  energy  is  required  to  initiate  es^losion 
than  Is  necessary  in  the  case  of  impact  vd-tb  a  lighter  load  from  the  same 
height,  which  is  evident  from  the  data  of  ItlELLBA  and  UEiN"TSEL3ERi&  given 
in  Table  9. 


Table  9. 


The  of  the  orit.innl  i.r'-coct  anercrv 

Kia  wi«h  the  v.-oiglit  of  the  load  (kg) 

"  * .  "■  ■  ■  " 


Sxploaive 

.Woight  of  load 

0.75 

1 

2 

s 

10 

,?ETK . 

7.32 

6.90 

75.5 

7.04 

8.06 

?etryl.  . 

6.04 

6,03 

7.10 

7.42 

7.49 

Trotyl,  . 

9.31 

9.52 

9.70 

9.69 

10.32 

"^yiyi . 

6.16 

5.15 

6.77 

6.93 

7.07 

Trlultroaoaltyleno  .  .  . 

6.77 

5.89 

5.97 

7.21 

7,29 

The  reason  for  the  decrease  in  the  critical  impact  energ^r  On  using  a 
lighter  load  is  eiqjlaiaed,  in  the  opinion  of  soma  investigators,  by  the 
fact  that  due  to  the  higher  impact  velocity  there  arises  a  higher  surface 
pressure  for  a  somov^at  smaller  total  compression  of  the  e:9losi7a. 

A  clearer  physical  ejqjlanation  of  this  phenomenon  can  be  given 
starting  from  the  foUoidng  considerationa. 

According  to  SHli^OHE  the  magnitude  of  the  elastic  deformation 
occurring  in  the  system  under  the  influence  of  an  impact  is  determined 
mainly  by  the  kinetic  energy  of  the  impact,  whilst  the  extent  of  the  vis¬ 
cous  deformations  depends  basically  on  the  impulse  acquired  by  the  system. 

If  the  impact  kiuetic  energy  remains  constant,  then  the  character  of 
the  change  in  impulse  depending  on  the  velocity  of  the  dropping  load  is 
determined  hy  the  ratio  /?»— , 


since  •  C  =  const  and  I  =  mv. 

From  this  it  follows  that  with  increase  in  the  drop  velocity  of  the 


load,  tho  iapulso,  and  consequently  the  extent  of  the  viscous  def oroiationa , 
decreases  soisexhat,  and  tho  elastic  derorinations  in  the  notal  increase 
correspondingly,  causing  cose  increase  in  the  load  rebound.  The  latter 
circumstance  should  in  its  turn  lead  to  a  corresponding  increase  in 
as  follows  from  exprassion  (6.3). 

§  7.  The  sensitivity  of  explosives  to  puncturing  and  friction. 

Sensitivity  to  ptincturlng  is  defined  only  for  initiating  oompoiaads  or 


Fir/.  10.  HDUlTOySKiy's  electric 
impact  machine.  1  -  loadj 
2  -  electromagnetj  3  -  stand; 

4  -  sleeve;  5  -  mounting  with 
capsule  and  pin. 


% 


mixtures  intended  for  use  in  punctur¬ 
ing  capsule-igniters  and  capsule- 
detonators. 

To  test  the  sensitivity  of  an 
explosive'  to  puncturing  MULTOVSKiy  s 
el6ctriQ,-impact  machine  is  usually 
used;  its  construction  is  illustrated 
in  Fig,  10. 

The  pear-shaped  load  1  is  main¬ 
tained  at  a  given  height  by  means  of 
an  electromagnet  2.  The  explosive  to 
be  tested  is  pressed  under  a  definite 
pressure  into  a  cartridge  case,  tho 
top  is  covered  with  tinfoil  and  in 
this  form  it  is  placed  in  a  special 
mounting  covered  by  a  lid  5.  Through 
the  opening  in  the  lid  exactly  in  the 
middle  of  the  capsule  is  passed  a 


SuO£l  pin  of  atandard  dincnsiona.  The  jehtlwonin^  of  the  load  onto  the 
pin  ia  caused  by  disconnecting  the  circuit  of  the  eloctro-Eiagnet.  In  tills 
case  the  sensitivity  is  said  to  be  charactarized  by  the  upper  and  lower 
liialts. 

Friction  as  a  form  of  initial  impulse  is  rarely  used  in  practice, 
only  in  the  special  abrasive  compositions  which  find  eiftreaiely  limited 
application  today.  The  sensitivity  of  an  explosive  to  friction  is  mainly 
of  interest  fi-on  the  point  of  viov/  of  safety  techniques  in  the  production 
and  application  of  e^iploslves. 

Sxi sting  methods  for  the  determination  of  sensitivity  to  friction 
are  not  distinguished  by  great  accuracy  and  cannot  fora  the  basis  for 
the  rigid  quantitative  characterisation  of  explosives  with  respect  to 
their  sensitivity  to  this  Impulse, 

The  following  methods  of  testing  for  sensitivity  to  friction  are 
vell-^wn: 

1.  Test  on  a  fidetion  pendulum  (Fig. 

11).  The  pendulum  1  with  the  help  of 
the  arc  2  can  be  fixed  at  a  given 
height.  As  the  pendulum  falls  the 
removable  shoe  of  its  corresponding 
weight  passes  over  a  faco  with  a 
groove  3  filled  with  explosive}  in 
so  doing  the  convex  surface  of  the 
shoe  strongly  grinds  against  the 
explosive.  In  the  tests  the 
minimum  drop  height  of  the  pendulum  Fig.ll .  Friction  pendulim. 
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and  the  number  of  oscillations  to  the  commencement  of  ignition  are 
determined. 

In  this  method  it  is  difficult  to  regxilate  ejsctly  the  clearance 
betwdon  the  surface  of  the  shoe  and  the  groove  lAiich  has  an  effect  on 
the  magnitude  of  the  frictional  force;  for  the  method  used  the  friction 
is  essentially  combined  with  the  impact. 

2,  The  testing  of  explosives  for  sliding  friction  is  carried  out 
in  an  apparatus  Illustrated  schematically  in  Pig.  12. 

In  this  apparatus  the  explosive  undergoes  friction  between  two 
plates  1,  2.  The  lover  friction  surface,  on  which  is  placed  the  explosive, 
is  immovable.  The  upper  friotion  plate  rotates  at  a  given  speed.  Vfith 
the  help  of  the  load  3  it  is  possible  to  regulate  the  frictional  force. 

In  this  method  of  testing,  the  sensitivity  of  an  explosive  to 
friction  is  usually  characterized  by  the  force  of  compression  .of  the 
explosive  between  the  plates  at  vMch,  for  a  given  rotational  speed, 
explosion  occurs.  In  this  case  the  time  from  the  coomenoement  pf  the 
test  to  the  moment  of  e'.g)108lon  is  determined. 

3.  EOV/DEK  and  GURTO.*!  in  investigating  the  sensitivity  of  solid 
explosives  to  friotion  used  the  apparatus  shown  in  Fig.  13.  In  this 
apparatus  the  thin  Idyer  of  explosive  (about  25  mg)  is  pressed  by  means 
of  a  loading'  screw  onto  the  steel  plate  2.  The  sliding  plate  is  caused 
to  move  by  the  impact  of  the  load  3,  which  is  a  pendulum  falling  at  a 
given  speed;  in  this  case  the  explosive  undergoes  a  rapid  movement. 

The  results  of  some  tests  according  to  this  method  are  given  in  Table  10. 


Fig. 12.  Apparatus  for  the  Fig. 13.  Apparatus  for  tho 

dstfrmlaation  of  the  sensitivity  determination  of  the  sensitivity 
of  an  initiating  explosive  to  of  solid  explosives  to  friction, 

friction. 


?ablR  10. 


The  sensitivity  of  eCTlo gives  to  friction 
according  to  BOl/PE-:  and  GURTON. 


. Explosive 

Load,  kg 

Drop  height, 

'Jun  , 

Frequency  c. 
explosions. 

IQOO 

.  70 

0 

Hoxogea  . 

1600  ^ 

70 

■  0 

Load  BZldff . ' .  . 

1600 

70  ■ 

■  100  • 

»  ir .  , 

64 

70  ■ 

•  10 

'll  H  ' 

64 

60. 

.  0-  . 

Load  styprtnato’  . . 

64 

60 

80 

i*  M 

64 

•45 

..  60 

'»  H  ,  •  •  .  •  • 

64- 

■  40 

0  " 

,  Iforcury  fuloiinate  ^  . 

64 

•  5.0  ■ 

10  . 

M  n  . . 

i 

64  . 

.  2,6 

■0  .. 

^<1 


In  the  precenco  of  an  extremely  sniall  quantity  of  crashed  glass, 
these  explosives  under  the  some  conditions  gave  ICC/I  explosions.  The 
sensitivity  of  the  corresponding  initiating  e:q3iooivo3  to  friction  in 
the  presence  of  high-melting  additives  (with  melting  point  >  5CX)°C)  also 
increase  essentially,  as  is  evident  from  Table  11. 

BCVDS}'  end  his  co-vorkers  showed  that  there  was  a  nouiecahle  effect 
on  the  sensiti\dty  of  explosives  to  friction,  all  other  conditions  being 
the  same,  due  to  the  thermal  conductivity  of  the  sliding  body  (slider) 
with  respect  to  the  explosive, 

A  highiiy-polishod  glass  disc  is  covered  with  a  thin  film  of  nitro- 
glycerino  and  is  rotated  at  a  constant  speed,  Tho  load  on  the  slider  is 
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gradually  increased  until  explosion 
occurs.  The  expe*  'Tiental  results 
are  presented  in  Fig.  14. 

The  Eiinimum  frlotlon  Xorco  in 
grar.3  is  given  on  the  ordinate  axis 
on  the  loft;  on  the  right  is  given 
the  icinimuffl  load  necessary  for 
explosion  to  occur.  The  abscissa 
axis  gives  the  thermal  conductivity. 

The  different  curves  correspond  to 
different  rates  of  rotation  of  the 
disc. 

For  constantan,  the  coef¬ 
ficient  of  thermal  conductivity 
k  =  0.05  (A),  for  steel  k  »  0.1  (B), 
for  nickel  k  =  0.16  (C)  and  for  tungsten  k  “  0.35  (D). 

From  the  diagram  it  is  evident  that  if  the  sliding  oontaot  is  a  bad 
heat  conductor  (for  example,  eonstantan),  then  explosions  occvir  much  more 
readily  than  in  ths  case  of  a  good  heat  conductor  (for  example,  tungsten). 

S  8,  The  sensitivity  of  explosives  to  vibration  during  firln.<?. 

During  firing  from  artillery  guns  the  possibility  is  not  excluded  of 
the  premature  action  of  the  ammunition  which  in  some  way  or  other  is 
coxmected  with  the  stresses  arising  in  the  explosive  charges  at  the  moment 
of  firing  due  to  the  forces  of  inertia. 


Thtrm&l  eonduotirity,  a»J^aK,a«o.iag 


Fig. 14.  The  variation  of  the 
friction  force  necessary  for  the 
initiation  of  explosion  in  nitro¬ 
glycerine  versus  the  thermal 
conductivity  of. the  sliding  body 
with  respect  to  the  ei'cplosive. 


The  maxL’aum  stresses  .  arising  in  an  ej^sloslve  charge  can 

readily  be  estimated  from  the  folloving  assumptions; 

a)  the  po.ssibility  of  linear  movomoat  of  the  e>55l03ive  charge  during 
fii’ing  is  excluded  due  to  its  close  proxiifiity  to  the  base  of  the  shell. 

tj ^  wUC  oi.*^^ewUA*o  o^  ..‘-'^gaouG  its  mass 

are  complstoly  uniform,  as  a  result  of  idiich  the  stresses  at  any  point  of 
a  given  cross-section  should  be  the  same. 

The  maximum  foroe  a-cting  on  the  base  of  the  shell  equals 


where  R  is  the  senil>bore  diameter  of  the  shell,  is  aa:dmum 

pressure  of  the  powder  gases. 

The  maximum  acceleration  acquired  by  the  shall  is,  correspondingly: 


whore  Q  is  t^e  weight  of  the  shell,  g  is  the  acceleration  of  the  foroe 
of  gravity. 

The  eGiplosive  charge,  on  acquiring  this  acceleration  at  any  cross- 
section  X  ,  will  develop  at  this  section  the  Inertia  force: 


v/here  (o^  is  the  weight  of  the  part  of  the  explosive  charge  corres¬ 
ponding  to  the  section  x 

The  maximum  inertia  force  is  attained  in  the  bottom  layer,  i.e.  when 
o)m  equals  half  the  weight  of  the  explosive  charge  ©  .  The  force  per 

unit  area  of  cross-section  of  the  explosive  charge,  or  the  maximum  stress, 
therefore  equals 


M  J<'‘ 

Q  /■“• 


(a.i) 


whoro  r  is  the  radius  of  the  e:q3losive  charge  at  the  cross-sectioLi 
under  greatest  stress. 

The  expression  for  can  also  be  represented  in  the  follovring 

fora; 

X  =.0 

^mfcx  ^  Po  Q  ’ 

(8.2) 

where  H  is  the  length  of  the  charge,  S  is  the  cross-sectional  area  of 
the  shell,  f  is  the  density  of  the  explosive. 

It  is  not  difficult  to  note  that  forraula  (S.2)  can  easily  bo  changed 
to  tho  fora  (B.l). 

It  is  accepted  that  to  secure  safe  conditions  during  firing  it  is 
necessary  that  X„,„  does  not  exceed  some  limiting  value  Xer  , 
dependent  on  the  sensitivity  of  the  given  explosive^  at  which  the  possi¬ 
bility  of  its  Ignition  or  explosion  is  completely  excluded.  The  results 
dotencinations  of  Xcr  carried  out  under  given  exiJGriaentol  conditions 
?or  certain  explosives  are  given  in  Table  12. 


Table  12. 


The  critical  stresses  for  certain  explosives. 


Nane  of  exploslvo 

Xgj.,  ks/cB^ 

Trotyl  .  . 

1800 

frbtyl-Hexog.n  alloy  ( 50/50)  .  . 

1400 

850  1 

POTH  .dth  5)4  phlogmatizator.  .  . 

750  ' 

hiatol  (60/20)  . 

1400  1 

1 

It  follows,  however,  that  it  must  be  stressed  that  cannot  be 

considered  as  some  constant  criterion  for  a  <»iven  explosive,  since  in 
real  ammunition  ignition  of  the  explosive  cu^x  occur  at  essentially 
different  values  of  i  depending  on  the  physical  properties  of  the 
charge  and  other  test  conditions  (construction  of  the  object,  the  presence 
of  spaces,  shaz^  edges  in  the  body,  defects  in  the  equipment,  etc). 

As  has  already  been  said  in  §  4,  even  under  conditions  idiere 
extremely  high  stresses  (of  the  order  of  10^  kg/cm^  and  higher)  are 
achieved,  the  ignition  of  the  explosive  does  not  occur,  if  the  possibility 
is  eliminated  of  the  displacement  and  rapid  flow  of  the  explosive,  leading 
to  the  developaent  of  regions  of  intense  local  heating. 

The  structure  of  the  explosive  charge  has  a  large  effect  on  the 
e^losion  hazard  during  firing.  Some  defects  in  the  charge  are  especially 
harmful,  such  as  external  blisters,  air  bubbles,  cracks  and  maoro- 
crystalllns  impurities,  \diioh  under  certain  conditions  oan  ba  centres  of 
dangerous  heating. 

Whilst  using  pressed  explosive  charges  it  is  necessary  that  the 
pressure  of  the  compression  exceeds  the  stresses  \Aiich  oan  arise  in  the 
explosive  at  the  moment  of  firing.  If  this  does  not  apply,  the  possibility 
is  not  excluded  of  the  appearance  of  intensive  displacements  of  the 
explosive  particles  and  other  forms  of  deformation  of  the  charge,  i^loh  is 
especially  dangerous  in  the  presence  of  spaces  or  sharp  edges  in  the  given 
section  of  the  ohamher  of  the  shell. 

Insufficient  density  of  the  e:^osive  charge  oan  in  certain  cases 
lead  to  a  dist'urbanoe  of  the  ''no-failure”  action  of  the  shall  (mine)  due 
to  strong  consolidation  of  the  charge  at  the  moment  of  firing  and  the 


formation  in  this  connection  of  a  space  between  the  explosive  charge  and 
the  fuse. 

Safe  conditions  during  firing  depend  not  only  on  the  combined  effect 
of  the  factors  given  above,  but  also  on  the  character  of  the  acceleration 
of  the  shell,  i.e.  on  the  Interval  of  time  during  .  pressure  in 

the  bore  attains  a  value  .  The  smaller  this  Interval  of  time,  the 

more  dynamic  is  the  load  experienced  by  the  explosive  charge  and  the  less 
will  be  its  defoliation  for  a  given  stress. 

The  results  of  the  relevant  Investigations  give  no  reason  to  doubt 
the  fact  that  the  mechanism  of  excitation  of  explosion  during  firing  is 
directly  connected  with  the  thermal  ignition  of  the  explosive  and  the 
conditions  of  its  initiation  approximate  to  the  conditic.::r 
and  friction. 


§  9..  The  sensitivity  of  explosives  to  the 
action  of  initiating  substances. 

As  initiators  of  explosive  processes.  Initiating  substances  are  used 
mainly  to  produce  detoziation  of  high  er^osives. 

The  sensitivity  of  explosives  to  detonation  during  the  action  of  an 
initiator  or,  as  la  usually  said  in  this  case, their  susceptibility  to 
detonation,  la  us\;ally  characterized  by  the  magnitude  of  the  limiting 
initiating  charge. 

The  limiting  initiating  charge  is  called  the  minimum  charge  of  the 
initiating  explosive  responsible  for  the  detonation  of  a  definite  quantity 
of  the  high  explosive  being  investigated.  It  is  usual  to  judge  the 


excitation  of  detonation  by  the  character  of  the  rupture  of  a  lead  disc 
by  moans  of  the  explosive.  The  higher  the  limiting  initiating  charge, 
then  the  leas  is  the  susceptibility  to  detonation  of  the  high  explosive 
under  consideration. 

The  stimulating  (initiating)  ability  of  various  initiating  substances 
vdth  respect  to  the  same  high  e^qplosive  is  not  identical.  The  higher  the 
rate  of  detonation  of  the  initiating  substance  and  the  leas  the  period  of 
acceleration  of  the  explosion  i.e.  the  period  of  increase  in  the  rate  of 
the  process  up  to  a  maxiinum,  then  the  greater  is  its  initiating  ability. 
Lead  azide  and  mercury  fulminate  possess  almost  the  same  rate  of 
detonation;  however,  the  section  in  iihich  the  detonation  proo.,^^  cj.  ..a 
is  considerably  shorter  for  lead  azide  than  for  meroury  fulminate. 

Because  of  this  the  initiating  ability  of  lead  azide  Is  considerably 
greater  than  that  of  meroury  fulminate,  especially  under  the  conditions  of 
action  of  small-sized  oapsule-detonators.  For  a  relatively  large-sized 
initiator,  the  initiating  abilities  of  lead  azide  euid  meroury  fulminate 
are  approximately  the  same. 

The  magnitude  of  the  limiting  initiating  charge  is  determined  not 
only  by  the  properties  of  the  explosive  initiator  az»l  the  susceptibility 
to  detonation  of  the  high  explosive  being  tested,  but  also  by  a  number  of 
other  factors  conneoted  with  the  choice  of  casing,  the  conditions  of 
installation  of  the  initiator,  etc.;  these  are  considered  in  detail  in 
special  courses  on  the  means  of  initiation.  From  this,  however,  it  is 
clear  that  to  obtain  comparable  resiilts  tests  of  explosives  for  suscept¬ 
ibility  to  detonation  should  be  carried  out  under  strictly  standardized 
conditions. 
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The  test  method  Is  as  follows. 


0.5  or  1.0  g  of  the  explosive  to  be 
investigated  is  compressed  under  a 
pressure  of  about  1000  kg/cm'*  into  a 
normal  capsule  cartridge,  then  the 
appropriate  \  iiight  (see  below)  of 
initiating  substance  is  passed  into 
the  cartridge,  the  small  cup  is  secured 
and  the  capsule  charge  is  pressed  under 
a  pressure  of  500  kg/cm  .  The  capsule 
having  been  charged  in  this  way  is 
exploded  in  a  special  container  over  a  5  am  lead  plate,  as  Is  shown  in 
Fig.  15. 

The  initiation  of  the  explosion  of  the  capsule  1  is  carried  out  by 
means  of  a  fuse  2.  The  detonation  is  considered  complete  if  the  orifice 
in  the  lead  plate  3  is  greater  or  equal  to  the  diameter  of  the  capsule. 
Some  data  on  limiting  initiating  charges  are  given  in  Table  13. 

The  initiating  ability  of  an  initiator  depends  to  a  marked  extent 
on  the  surface  to  be  initiated.  With  increase  in  the  latter,  the 
initiating  ability  of  the  initiator  increases  to  a  known  limit.  The 
optimum  conditions  of  initiation  are  attained  when  =  1  *  where  d. 
is  the  diameter  of  the  initiator  and  D  is  the  diameter  of  the 


Fig.  15.  Container  for  ex¬ 
ploding  the  capsule. 


initiatable  charge.. 


Table  13. 


I 

Limiting  Initiating  charges,  g. 


Initiating  charga 

rastad  axploalve 

Tatiyl 

P^ario  acid 

'I'rotyl 

Mercury  fulalna'ta.  ,  . 

0,29 

0.30 

0,36 

.  Lead  . 

0.025 

0,025 

0.09 

SUiOfOV'a  data  on  limiting  Initiating  charges  rofoivad  to  unit 
initiatabla  surface  are  given  fox  some  explosives  in  Table  I4. 


Table  14. 


Tc<'tad  t;9loaiva,  g/ea^ 

PEIS 

Tatryl 

'Trotyl 

Llaltlng  Initiating 
charge,  g/oa^ 

0,70 

0A2 

0,90 

§  10.  Initiation  of  explosion  during  impact  and  friction. 

The  initiation  process  of  an  explosion  under  the  action  of  impact 
(or  other  foims  of  mechanical  impulse)  is  an  extremely  complicated 
phenomenon  which  has  not  yet  been  investigated  completely  in  all  Its 
details. 

According  to  BKRTHELOT,  the  action  of  an  external  impulse, 

S'? 


Independently  of  the  form  of  the  applied  energy,  reduces  In  the  end  to  a 
rapid  thermal  change  and  to  a  rise  in  temperature  even  if  only  In  a 
narrowly  localised  region  of  the  explosive  system. 

The  direct  reason  responsible  for  the  beginning  of  es^loaive 
decomposition  of  the  molecules  is  the  increase  in  temperature  in  the 
explosive  above  its  self-ignition  point. 

If,  however,  it  were  assumed,  as  some  investigators  did  assume,  that 
the  heat  absorbed  during  impaot  is  propagated  uniformly  because  of  the 
small  size  of  the.  volume  oooupied  by  the  vdiole  weight  of  explosive,  than 
the  heating  temperature  would  clearly  be  insufficient  for  the  cr-..' 
of  an  c:vlcsiva  reaction.  On  the  assumption  that  the  entire  l~pact  energy 
(corra spending  to  50jJ  probability  of  explosion}  is  entirely  oo.  .  c;.  !,/ 

by  heating  the  explosive,  TAILOR  and  IDILL  on  the  basis  of  their  experi¬ 
ments  with  merouzy  fulminate  estimated  that  the  temperature  inorease  of 
the  explosive  does  not  exceed  20°  which  is  olearly  insufficient  for  the 
ignition  of  this  explosive.  Similar  estimates,  oarried  out  for  plorio 
aold,  show  that  for  this  mechanism  the  rise  in  temperature  reaches  330°0. 
It  is  evident  that  under  impaot  conditions,  the  duration  of  the  impaot 
being  measured  only  in  ten-thousandths  of  a  second,  self-lgnltlon  of  the 
picric  acid  at  this  temperature  cannot  be  guaranteed. 

The  temperatures  calculated  in  this  way  are  clearly  over-estimated, 
since  the  energy  actually  absorbed  by  the  e:q)loalve,  as  has  already  been 
explained  earlier,  is  considerably  less  than  the  so-oalled  critical  isq^ot 
energy. 

Thus  we  see  that  on  the  ba^ds  of  only  a  single  overall  thezmal  effect 
of  impaot  it  is  not  possible  to  explain  the  process  creating  explosion. 
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TAYLOH  and  YUILL  expressed  views  against  the  thamal  mechanism  of 
initiating  an  explosion,  in  supposing  that  during  impact  direct  acti¬ 
vation  of  the  molecules  without  an  inteznediate  thermal  stage  can  occur. 

These  Investigators*  ideas  concerning  the  mechanism  of  explosion 
initiation  during  impact  for  the  case  of  solid  crystalline  explosives 
were  developed  in  the  tribochemical  hypothesis  proposed  by  them.  The 
mechanism  of  the  process,  according  to  this  hypothesis,  as  as  follows. 

Under  the  influence* of  impact  on  the  surface  and  edges  of  the  ’ 
separate  crystals  there  arise  normal  and  tangential  stresses,  as  a  result 
of  which  extremely  strong  friction  arises  between  the  mutually  displaced 

c'urfaouo  of  -hj  pw.rticloa  and  on  tho  friction  - . 

molecules  are  formed  in  a  considerably  greater  quantity  than  would  follow 
from  Maxwell's  distribution  lav. 

Thus,  according  to  this  hypothesis,  the  main  reason  for  explosion 
initiation  under  the  action  of  impact  is  the  tribochemical  reaction 
arising  on  the  friction  suri'aces  of  er^oslve  crystals. 

It  must  also  be  said  that  the  phenomena  arising  in  an  explosive 
under  the  action  of  an  impact  are  not  of  course  limited  to  friction  alone 
but  hear  a  considerably  more  complicated  character  (crushing  of  ozystals, 
plastic  flow  of  the  suhatanoe,  oompressio’n  of  air  bubbles,  etc). 

Above,  it  has  already  been  noted  that  one  of  the  parameters  defining 
the  ‘^tate  of  the  explosion  at  the  moment  of  Impaot  is  the  stress  arising 
in  it,  a,,,„  .  However,  in  reality  the  stress  is  not  distributed 

uniformly  through  the  e^Qilosive  and  because  its  physical  structure  is 
disordered  (internal  cavities,  irregular  shape,  disordered  arrangement  of 
the  crystals,  etc),  there  can  arise  in  separate  localised  sections  "peaks" 


of  increased  stresses,  vdiioh  will  under  given  conditions  be  the  foci  of 
regions  of  majoLmum  local  heating.  It  is  evident  that  these  foci  or  "hot 
spots"  should  at  the  same  time  be  the  most  likely  centres  of  explosion 
initiation. 

In  this  case,  Initiation  of  explosion  will  be  attained  only  when  the 
temperature  of  the  "hot  spot"  la  sufficient  for  the  ignition  of  the 
explosive  with  an  ignition  time  lag  not  exceeding  the  duration  of  the 
impact.  The  hypothesis  concerning  the  possibility  of  explosion  occurring 
during  impact  due  to  the  .direct  influence  of  regions  of  localised  heating 
was  first  expressed  by  CHAJCCTON,  whilst  BELYAEV  was  the  first  to  prove 
e:qierlmentally  the  ability  of  an  explosive  to  be  initiated  thoKi-lly  Ui;d6r 
the  influence  of  extremely  brief  (  r  ■  IC**^  sec)  heating  of  local 
regions. 

To  obtain  this  kind  of  local  heating  in  small  volumes  of  the  order 
of  a  few  cubic  microns  BELYAEV  used  thin  platinum  wires  (i  =  2—5  p)  , 
passing  through  the  explosive,  \d)loh  were  heated  by  the  current  of  a 
condenser  discharge.  This  method  seemed  suitable  in  that  with  its  help 
it  is  possible  to  obtain  extremely  high  energy  concentrations  for  a 
negligible  vOtal  consumption  of  energy.  The  heating  period  of  the  micro- 
volumes  of  explosive  in  this  case  was  not  more  than  10“^  -  10"^  see. 

BELYAEV'S  experiments  showed  that  at  atmospheric  pressure  a  highly- 
sensitive  explosive  such  as  nitrogen  trichloride,  detonates  only  during 
the  localised  heating  of  a  small  volume  to  temperatures  of  the  order  of 
several  thousands  of  degrees,  but  for  nitroglycerine  detonation  does  not 
occur  even  under  the  experimental  conditions  under  which  a  unique 
"explosion"  of  the  wire  occurs  accompanied  by  an  increase  in  its 


temperature  to  20,000°. 

However,  under  these  test  conditions  the  temperatures  of  the  regions 
of  local  heating  of  given  explosives  in  reality  exceeded  on3.y  slightly 
their  temperatures  of  vaporization  since  the  energy  supplied  woifLd  have 
been  absorbed  by  the  vapozdzation  process. 

In  this  connection  additional  investigations  were  carried  out  under 
a  pressure  of  one  hundred  atmospheres.  The  increase  in  pressure  leads  to 
an  increase  in  the  boiling  point  and  consequently  should  lead  simultaneously 
to  an  Increase  in  the  maximum  temperature  of  the  regions  of  localised 
heating  and  thus  causa  the  development  of  a  vc-c 

explosive. 

The  results  of  these  experiments  are  as  follows: 

1.  Under  a  pressure  of  100  atm.  nitrogen  trichloride  detonates 
during  a  considerably  shorter  (about  10-15  times)  heat  pulse  than  at 
atmospheric  pressure.  The  minimum  energy  necessaxy  for  exciting  its 
detonation,  under  given  test  conditions,  amounted  to  9.6  x  lO**'  cal.  This 
energy  can  produce  heating  of  the  wire  by  at  most  about  170°. 

2.  Nitroglycerine  under  atmospheric  pressure  which  does  not  de¬ 
flagrate  even  under  very  poverfiLL  heat  pulses  attaining  10"^  col  energy 
deflagrated  under  the  pressure  of  100  atm  with  an  impulse  of  the  order 

of  cal,  but  its  e:q>loslon  was  not  achieved  consistently.  Approximate 
calculation  shows  that  for  the  critical  impact  conditions  under  which 
nitroglycerine  explodes,  a  pressure  of  over  10,000  atm.  develops  in  the 
layer  in  which  the  regions  of  localised  heating  arise. 

3.  In  volatile  explosives  localised  heating  Itself  cannot  produce 

an  explosion  on  its  own.  It  is  necessary  to  combine  the  localised  heating 


;d.th  a  relatively  high  pressure,  which  condition  is  fulfilled  during  a 
sufficiently  strong  impact  of  the  explosive. 

The  possibility  of  the  thermal  initiation  of  "hot  spots"  during 
impact  was  directly  proved  by  tudying  the  sensitivity  of  liquid 
e:qd.oaives,  and  plastic  and  molten  solid  explosives  by  BOWDEN,  YOFPE  and 
their  co-workers. 

They  showed  that  the  impact  sensitivity  of  e:g>losives  increases 
noticeably  when  there  are  small  bubbles  of  air  or  another  gas  present  in 
them.  Thus,  for  example,  the  impact  energy  for  nitroglycerine,  containing 
air  bubbles  of  radius  5  x  10~^  am,  necessary  to  obtain  100^  explosions 
equals  400  gem;  in  the  absence  of  b\)bblea  in  the  nitroglycerine  an  Impact 
energy  of  the  order  of  10^  -  10^  gem  v&a  necessary  to  secure  regular  - 
explosions.  The  initiation  of  the  explosive  in  the  first  case  occurs  due 
to  the  adiabatic  compression  of  the  gas  present  in  the  bubble.  The 
temperature  increases  rapidly.  In  the  second  case,  explosion  is  evidently 
produced  by  the  viscous  heating  of  the  liquid  during  the  rapid  discharge 
from  the  clearance  between  the  impacting  surfaces.  It  was  seen  that  the 
quantity  of  gas  capable  of  sensitizing  the  explosive  (increasing  its 
sensitivity)  is  very  small,  of  the  order  of  3  x  10"^®  g  and  that  the 
quantity  of  heat  evolved  during  compression  of  the  air  in  one  bubble 
amounts  to  only  10"'^  oal.  The  minimum  degree  of  oompresslon  of  the  gas 
necessary  to  excite  explosion  amounted  to  PtlPii^QQ. 

With  increase  in  the  initial  pressure  of  the  gaseous  occlusions,  the 
sensitivity  of  the  nitroglycerine  decreases  correspondingly  because  of 
the  decrease  in  the  degree  of  compression  of  the  gas.  The  experiments 
were  carried  out  In  a  closed  vessel  \diere  pi  could  change  from  1  to 
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100  atm. 

In  experiments  on  tiio  initiation  of  explosion  of  liquid  and  solid 
explosives  by  friction  it  vas  established  by  the  cited  authors  that  the 
conditions  of  explosion  ara  deteimined  by  the  regions  of  local  heating 
arising  in  the  explosive  c  3  sliding  of  the  bodies.  The  maximum 
temperature  of  heating  is  limited  by  the  melting  point  of  the  corresponding 
body. 

Experiments  carried  out  idth  metals  and  melts  of  different  meat.- 
points  showed  that  large  loads  and  sliding  rates  cannot  of  themselves 
produce  an  explosion  of  nitroglycerine  provided  that  the  local  temperature 
does  not  attain  480  -  500^0. 

BEIDOM&N  also  drew  similar  conclusions  concerning  the  role  of  theinaal 
effects  for  the  Initiation  of  an  explosion  under  the  influence  of  powerful 
mechanical  dafozmtlons  of  the  explosive.  Two  types  of  teats  were  carried 
out  by  him  with  different  explosives.  Xn  the  first  test,  the  explosive 
underwent  a  hydrostatic  pressure  of  ^,000  kg/cm^,  imposed  so  that  it 
produced  a  powerful  deformation  of  the  tested  object  under  the  combined 
action  of  high  pressure  and  shear  (of  the  order  of  60  radians). 

In  the  second  test,  the  explosive  was  subjected  to  a  pressure  of 
100,000  kg/cm^,  but  at  a  comparatively  small  shearing  deformation.  On 
the  basis  of  his  experiments  drew  the  gezieral  conclusion  that 

shearing  by  Itself,  unless  it  is  aooompanled  by  high  temperature,  cannot 
produce  detonation. 

For  the  majority  of  secondary  ejplbsives  friction  between  the  crystals 
or  between  the  crystals  and  the  metal  surface  Itself  cannot  be  the  reason 
for  the  initiation  of  explosion,  since  rapid  decomposition  of  the  explosive 


ooours  at  temperatures  exceeding  its  melting  point.  During  this  time  the 
maxlmxim  inorease  in  temperature  under  thesi  ..iitions  cannot  exceed  the 
melting  point  of  this  explosive. 

BOTO22N  and  his  co-workera,  however,  showed  that  in  the  friction  pro¬ 
cess  sufficiently  intense  foci  of  heating  can  be  f‘  .rmed,  necessary  for 
securing  the  explosion  of  these  explosives  vben  sufficiently  high-melting 
additives  have  been  introduced  into  their  composition. 

In  contrast  to  secondaxy  explosives,  Initiating  explosives  even  in 
the  pure  state  are  exploded  more  or  less  readily  under  conditions  of 
friction,  since  their  explosion  on  heating  always  occturs  in  the  solid 
state. 

These  authors  by  means  of  photo-recording  have  established  for  the 
majority  of  explosives  both  during  impact  and  during  friction  that  an 
e:q}losion  begins  as  a  relatively  slow  combustion,  the  velocity  of  which 
Increases  to  several  hundred  m/seo  and  then  changes  quickly  to  detonation 
with  a  velocity  of  the  order  of  2000  m/seo. 

In  initiating  ejqploaivea  of  the  FbNg  type  ejqplosion  always  arises  as 
a  detonating  type. 

BOVJDEH  and  arrive  at  the  general  oonclusion  that  the  initiation 

of  the  majority  of  liquid,  plastic  and  solid  explosives  by  Impact  and 
friction  is  always  comeoted  with  regions  of  localised  heating  occurring 
in  the  explosive  as  "hot  spots"  of  finite  dimensions  (  ro  *  10“^-  10“^  cm), 
vMch  full'll  the  role  of  the  initial  centres  of  thermal  ignition.  The 
"hot  spots"  can  foxu  as  a  consequence  of  one  of  the  follovdng  causes: 

a)  the  adiabatic  compression  of  small  quantities  of  gases  or  vapours 
included  in  cavities  present  in  the  explosive  or  arising  in  it  at  the 


moment. 

b)  the  friction  of  the  solid  parts  -  pre-cmin^.'-tly  ir,  tho  presence 
of  iilijh-  'Itinj  additives  and 

c)  the  viscous  heating  during  rapid  discharge  of  the  exj^osive  .(at 
sufficiently  high  impact  energies). 

It  is  impossible,  of  course,  to  agree  with  some  investigators  (GABHER 
and  others)  in  vdiose  opinion  detonation  of  e^qilosivea  can  arise  as  a 
result  of  the  activation  of  separate  isolated  molecules.  During  the  decom¬ 
position  of  these  activated  molecules,  the  energy  of  the  reaction  is 
quickly  dissipated  by  heat  conductivity,  thanks  to  vMch  the  necessai^ 
conditions  are  not  created  for  the  acceleration  of  the  process. 

In  research  carried  out  vd'Ui  THILLA  and  OKE,  MITRAOUR  showed  that  the 
Impact  of  high-velocity  eleotrons  or  a  -particles  does  not  produce  an 
e:g>loslon  even  of  sudi  highly-sensltive  esiploaives  as  nlt-.^gen  iodide, 
silver  aoetyllde  or  lead  aside;  at  the  same  time  there  occurs  in  them  the 
decomposition  of  separate  Isolated  moleciiles,  or  even  of  a  group  of  mixed 
molecules,  expressed,  for  example,  in  the  blackening  of  lead  azide  or 
silver  aoetyllde. 

HIDEAL  and  BOBINSON  estimated 
the  temperature  and  time  necessary 
for  the  decomposition  of  theF'hot 
spot^for  various  explosives, 
determined  experimentally  the 
period  of  time  from  the  moment  of 
impact  to  that  of  explosion  and 

showed  after  this  time  the  "Iwt  spots”  suooeed  in  reacting  completely. 
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Flg.l6  Plunger  device  for  the 
determination  of  the  interval  of 
time  from  impact  to  explosion. 


The  test  was  carried  out  on  the  follovdng  explosives:  nitrogen 
iodide,  PETN,  hexogen  and  Tetryl.  The  load  of  explosive  2  is  placed  in  a 
plunger  device  (Fig.  16)  between  two  roller  bearings  1.  The  sleovo  3  of 
the  device  was  provided  with  two  transverse  ducts  4  for  the  discharge  of 
the  gaseous  products  of  explosion,  A  third  duct  was  drilled  perpendicular 
to  one  of  theca  two  ducts  nearer  to  the  lower  layer  of  e:qplosive. 

During  the  passage  of  ionised  e:q}loslon  products  through  this  duct, 
electric  circuits  were  closed  which  isade  it  possible  to  fix  the  moment  of 
explosion.  The  moment  of  impact  in  its  turn  was  determined  by  an  electric 
circuit  closed  through  the  contact  of  the  load  vxlth  the  upper  roller.  The 
corresponding  time  intervals  were  determined  by  means  of  an  oscillograph. 
The  least  time  recorded  by  the  apparatus  amounted  to  20  micro  3ec.  ..,jChe 
mean  results  of  the  detexoinatione  are  given  below  (Table  15). 

Table  15. 

The  mean  interval  from  the  moment  of  impact  to  explosion 
(  p  ■  4  kg,  •  59  cm) 


Noa*  01'  •xploalT* 

Bloroias 

Nob*  of  oxplooive 

nicrofiao 

Nltrogaa  lodido  .  ■ 

20 

Hexogea 

(50  Bg)  .  . 

260 

PETK  (50  %g\  .  .  . 

230 

Hexogea 

(25  Bg)  .  . 

340 

PETK  (25  Bg)  ■  .  . 

240 

Totryl 

(50  Bg)  ,  . 

350 

PITO  (lO  Bg).  .  .  . 

230 

Titryl 

(35  Bg)  .  . 

320 

On  decrease  in  the  impact  energy,  the  time  necessary  for  eiiqploslon 
increases  somewhat.  Kius,  for  P  “  4  kg  and  H  »  34  cm  it  was  shown 
that  for  PBTN  (25  ng)  *■  “  390  micro  sec,  for  Hexogen  (25  mg)  t  = 
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450  micro  sec.  The  addition  of  quartz  (18^)  to  PETN  decreases  the  time 
necessary  for  esqploslon  to  80  micro  sec.  , 

In  the  absence  of  explosive  from  the  plunger  device  at  P  =  4  kg 
and  //  “  59  cm  the  duration  of  impact  ^the  interval  of  time  iroin  the 
moment  of  impact  to  the  moment  of  load  rebound)  was  shown  to  equal  460 
micro  sec.  Using  this  method,  the  authors  also  determined  the  rate  of  the 
radial  outflow  of  the  explosive  during  impact  which  was  equal  to  15  m/sec 
for  Hexogen  at  P  “  1,5  kg  and  H  -  75  cm. 

Under  somevdiat  different  test  conditions  carried  out  by  BOUDM  and 
OURTOU  the  duration  of  impact  did  not  exceed  300  micro  sec  and  the  delay 
time  for  FETH  and  Hexogen  fluctuated  between  the  limits  of  60  and  150 
micro  seo. 

These  authors'  data  conoemlng  delay  times  seem  to  us  to  be  more 
exact,  since  In  them  the  moment  vdien  the  explosion  begins  was  determined 
directly  by  the  displacement  given  on  the  photo-recorder,  whilst  in 
RIOEAL  and  ROBERTSON'S  experiments  the  delay  time  Includes  the  additional 
time  necessary  for  the  propagation  of  the  flame  throu£^  the  weight  of 
explosive  until  it  reaches  the  electrodes. 

RIDEAL  and  ROBERTSON  carried  out  a  theoretical  calculation  of  the 
critical  temperature  at  which  the  substance  at  a” hot  spotT succeeds. in 
reacting  completely  during  a  given  interval  of  time  t  .  For  this,  they 
estimated  the  heat  losses  outside  the  'hot  spot')  and  the  reaction  heats 
and  kinetic  characteristios  of  the  corresponding  explosives  were  taken  to 
be  such  that  they  were  established  during  their  slow  thermal  decomposition. 

Let  a  be  the  radius  of  the  "hot  spot",  9  the  density  of  the 
explosive,  o  its  heat  capacity,  6  the  increase  in  temperatrire  at  any 
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point  at  a  distance  r  (outside  the  "hot  spot")  attainable  in  the  interval 
of  time  t  due  to  heat  conduct! vity. 

It  is  assumed  that  the  focus  of  heating  at  the  initial  moment  has  the 
same  temperature  at  all  points,  vAich  exceeds  the  temperature  of  the 
surrounding  medium  by  0o  .  Then  the  heat  given  out  by  the  "hot  spot" 
to  the  surrounding  medium  after  time  r  equals 

00 

Qi  =  J*  4it/^0pcdr,  (10.1) 

0 

where  G  is  defined  by  Fourier's  basic  law  of  heat  transfer  which  for 
the  given  case  (spherical  ^aumetxy)  is  written  in  the  following  form: 

=  1  r^_^de) 

“  pc  r  Srj 

(  k  ia  the  coefficient  of  themal  conductivity). 

The  boundary  conditions  here  are 

0  =  0  »t  t  =  0  for  r  >  o> 

0  =  0e  »t  t  =  0  for  r  <  a, 

which  penuits  the  equation  to  be  solved  and  the  temperature  at  any  point 
to  be  estimated  in  an  explicit  manner.  If  the  temperature  of  the  "hot 
spot"  is  nearly  the  same  as  the  reaction  temperature  and  the  time  t  is 
very  small,  then  the  heat  evolved  by  the  "hot  spot"  after  this  time  as  a 
result  of  the  reaction  equals 

4  - 

Qa  =  j  na>pfMe~^,  (10,2) 

where  q  is  the  reaction  heat  referred  to  unit  mass,  is  the 

quantity  of  substance  reacted  per  sec  per  unit  volume  (the  rate  of  the 
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chemicELl  reaction). 

The  critical  temperature  Mf  the  "hot  spot"  c.an  be  dsteimined  from  the 
condition  of  thennal  equi7.ibrium,  i.e.  that 

The  coefficient  of  thermal  conductivity,  heat  capacity  and  density 
for  all  the  e^qplosives  In  the  calculations  were  taken  to  be,  respectively, 
2.4  X  ICr^,  0.3  and  1.3  In  COS  unite.  The  time  was  assumed  to  be  as 
follows : 
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In  Table  16  the  critical  temperatures  are  given  of  the  "hot  spots" 
calculated  for  these  conditions. 


Table  16. 

The  critical  temperatures  x  of  "hot  spots"  for  some  explosives. 


Nan*  of  «xpIoslT« 

«-»“•  oa 

o-lo-‘o« 

o»10"*  no 

BmIO  ^ 

POT . 

350 

440 

550 

730 

Hexogen  . 

385 

485 

620 

820 

Cyolotetronothylene- 
tetranitrojilne  ,  ,  . 

405 

500 

625 

805 

rUiylenedlnitrftDlne.  . 

400 

590 

930 

1775 

Tetryl  . 

425 

570 

815 

1250 

Ethyl enedianlnedlnitrat 

e  600 

835 

1255 

2225 

Anoonlun  nltrato 

590 

825 

1230 

2180 
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In  the  opinion  of  the  cited  authors,  the  estimated  critical 
temperaturos  agree  satisfactorily  with  the  impact  sensitivity  of  these 
ej^jlosives. 

The  period  of  decomposition  of  the  explosive  at  the  "hot  spots"  was 
determined  by  the  authors  from  the  follovdng  kinetic  relationships: 


me  dT  (m  —  x)  gAe  dt  —  b(T — 7'o)dt, 
_s 

dxs=s(m  —  x)  Ae~^  dt, 


(10.3) 


v^ere  m=jrta^f  is  the  mass  of  the  "hot  spot",  x  is  the  quantity 
of  explosive  decomposed  after  time  t  at  the  "hot  spot". 

The  heat  given  to  the  surrounding  medium  is  determined  from  the 
second  term  on  the  right-hand  side  of  the  first  equation.  The  time  t 
can  be  calculated  by  the  method  of  numerical  integration,  if  the  initial 
conditions  are  known. 

The  results  of  the  csloulatlon  give  values  of  ta  equal  to  440*^0 
and  485°C  for  PSTN  and  Hexogen  respectively  at  a  ■  10“^  cm  and  reaction 
time  Y  =■  10~^  sec.  From  this  it  is  clear  that  the  explosive  at  the 
"hot  spots"  can  reaot  completely  after  intervals  of  time  which  are 
considerably  shorter  than  the  impact  time. 

BOUDSN  and  YOFFE  established  by  various  methods  that  the  minimum 
temperatures  necessary  to  excite  the  explosion  of  nltro-glycerine.  Hexogen 
and  FBTN,  both  under  conditions  of  friction  and  impact  and  for  the  rapid 
adiabatic  compression  of  air,  are  of  the  order  430  -  500^0;  this  agrees 
well  with  the  calculated  values  of  ta  given  above.  One  of  the  possible 


reasons  for  the  oocurrenoe  of  "hot  spots"  under  impact  Is  the  heating 
during  viscous  flow  of  the  ejQslosive.  This  flow  can  take  place  due  to 
the  foznation  in  the  impact  zone  of  small  volumes  of  liquid  e3q>loaive 
flowing  through  the  spaces  between  the  solid  particles. 

For  the  quantitative  estimate  of  the  tenqperatures  in  such  processes, 
ve  consider  the  flow  of  a  liquid  through  a  capillary  of  consteuit  cross- 
section,  Neglecting  the  heat  losses  due  to  thermal  conductivity  and  liquid 
compression,  the  increase  in  temperature  6  can  he  determined  approxi¬ 
mately,  as  according  to  POISEUILLE ' a  law  for  laminar  flow  with  constant 
viscosity  it  equals 


ft _  S/ijti 


(10.4) 


viiere  ^  is  the  length  of  the  capillary,  a  is  its  radius,  v  is  the 
average  rate  of  flow,  /  is  the  meohanioal  6qid.valant  of  heat,  n  is 
the  viscosity,  p  is  the  density  of  the  eaqploslve  and  c  is  its  heat 
capacity. 

Taking  I  »  0.1  cm,  n  >■  0.3  CCS  units,  v  <■  10^  cm/see 

(according  to  experiment),  a  »  10"^  cm,  p  ■  1,3  g/cm^  and  c  « 

0,3  cal/g  deg,  we  obtain  0  “  1470®C, 

To  obtain  for  the  conditions  given  above  a  flow  rate  equal  to  10^ 
cm/seo,  should  be  of  the  order  of  10,000  kg/cm^  vMch  is  frequently 

the  case  imder  the  explosion  oonditlons  of  high  escploslves  at  impact. 

The  ease  considered  of  the  oaplllary  flow  of  an  e]q>losive,  as  has 


already  been  shown,  is  not  of  course  the  solitary  reason  for  the  occiUTenoe 
of  an  explosion  on  impact.  Bven  for  one  and  the  same  explosive  the 
oonditlons  and  the  probability  of  the  foimation  of "hot  spots"can  be 


essentially  different  depending  on  the  possible  character  of  the 
deformation  of  the  eiiqjlosive  on  impact.  Thus,  for  example,  it  is  possible 
to  consider  that  on  testing  an  explosive  in  standard  devices  with  no 
clearances  between  the  sleeve  and  the  .oilers,  a  decisive  role  in  the 
formation  of  "hot  spots"  will  be  played  by  the  processes  of  internal  local 
deformations  (micro  displacements,  adiabatic  compression  of  the  gas 
bubbles,  capillary  flow  etc.),  passing  under  the  action  of  the  appropriate 
pressures  into  a  closed  volume  of  the  same  explosive.  On  the  other  hand, 
if  as  a  result  of  impact  the  explosive  charge  is  capable  of  deformation 
and  if  under  the  influence  of  the  pressures  arising  during  impact  it 
penetrates  into  some  of  the  spaces,  then  the  processes  of  plastic  and 
viscous  flow  of  the  eiQilosive  and  the  effects  of  friction  of  the  particles 
will  have  a  definite  significance  together  with  the  air  spaces  in  the 
initiation  of  d:q>loslon. 

From  what  has  been  described  it  is  possible  to  conclude  that 
Independently  of  the  character  of  the  deformation  of  the  esqplosive  and 
the  conditions  of  formation  of  active  centres,  the  initiation  of  an  ex- 
plrsion  for  all  forms  of  aeobanioal  impulse  occurs  as  a  result  of  the 
local  processes  of  thermal  ignition  of  the  explosive. 

&n  uuderstandlng  of  the  mecbanlon  of  explosion  initiation  is  of 
essential  importance  in  the  correct  solution  of  many  practical  problems 
connected  with  accident  prevention  whilst  using  ejqilosives. 

§  11.  The  dependence  of  the  sensitivity  of  explosives  on  various  factors. 

The  sensitivity  of  the  same  ejQjlosive  can  change  greatly,  depending 
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on  tho  action  of  various  physical  factors.  The  basic  factors  of  a 

physical  kind,  shovdng  an  effect  on 
the  sensitivity  of  explosives  to 
external  actions,  are: 

1)  teraperature,  2}  heat  capacity 
and  thermal  conductivity  of  the  sub¬ 
stance,  3)  volatility,  4)  state  of 
aggregation,  5)  structxire,  6)  den¬ 
sity  of  the  substance,  7}  magnitude 
of  the  crystals. 

Fig. 17.  The  variation  of  the  The  effect  of  the  enumerated 

impact  sensitivity  of  tetrs- 

zene  and  mercury  fulminate  factors  la  shown  on  the  sensitivity 

vdth  initial  temperature, 

to  a  varying  degree  depending  on  the 
character  of  the  initiating  Isipulse  applied  to  excite  explosion.  We  will 
consider  the  effect  of  each  of  these  factors  separately. 

On  increasing  the  temperature  the  sensitivity  of  ejqplosives  increases 
sharply  and  at  temperatures  approaching  explosion  temperatures  they  ex¬ 
plode  from  even  a  weak  impulse.  The  variation  of  the  impact  sensitivity 
with  temperature  is  represented  in  Fig.  17  for  mercury  fulminate  and 
tetrazene  from  the  data  by  TAILOR  and  lUlLL. 

For  a  considerable  decrease  in  the  tempwrature,  the  sensitivity  of 
an  explosive  decreases.  Thus,  on  cooling  mercury  fulminate  to  the 
temperature  of  liquid  air,  it  often  gives  failure  on  ignition.  The  effect 
of  a  severe  cooling  on  the  sensitivity  of  explosives  is  illustrated  by  the 
data  of  Table  17. 


Table  17. 


The  effect  of  Initial  temperature 
on  the  limiting  Initiating  charge. 
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Pyrui^lln  . 

Pisrle  told  . 

ooo 

1.0 

jIo  I  fallura* 

Heat  capacity  and  thermal  conductivity  have  an  effect  mainly  on  the 
sensitivity  of  explosives  to  a  heat  pulse.  On  Inoreaslng  the  heat 
capacity  it  is  necessary  to  expand  a  greater  quantity  of  heat  in  order  to 
heat  the  substanoa  to  temperatures  at  which  its  Ignition  is  achieved.  A 
similar  effect  is  shown  by  thermal  conductivity;  the  smaller  the  latter 
becomes,  the  higher  are  the  local  temperatures  which  can  be  attained  during 
heating  of  the  subatanoe;  high  thermal  conductivity  responsible  for  the 
rapid  dispersal  of  heat  throu^  the  body,  on  the  other  hand.  Impedes  the 
formation  or  development  of  foci  of  ignition. 

A  noticeable  effect  of  the  quoted  factors  was  established  during  the 
investigation  of  the  processes  of  ignition  and  combustion  of  some  mixtures 
containing  metallic  alloys  (Fe  ••  Si,  Si  -  Al}. 

In  tests  on  Impact  sensitivity,  beat  capacity  ind  thermal  conductivity 
show  less  effect,  because  in  tblB  case  the  decisive  factor  in  initiation  is 


the  formation  of  the  local  prooeaaea  connected  with  the  occurrence  of  "hot 
spots".  The  time  necessary  for  the  formation  of  these  foci  and  the  devel¬ 
opment  of  reactions  in  them  is  so  small  (  ~  10”*^  sec)  that  thermal 
conductivity  cannot  show  any  noticeable  effect  on  the  general  character 
of  the  phenomenon. 

A  large  effect  on  the  conditions  and  development  of  the  processes  of 
theimal  initiation  of  explosives  is  shown  by  their  volatility.  BELYAEV 
established  that  the  conditions  of  ignition  of  volatile  substances  are 
deteimlned  to  a  considerable  extent  by  the  relationship  between  the  rate 
of  the  chemical  reaction  and  the  rate  of  their  vaporization. 

If  the  explosion  temperature  of  an  explosive  is  higher  than  its 
boiling  point,  then,  as  .BELYAEV. showed,  ignition  of  the  subetanoe  can 
occur  only  in  th«  vapours  (either  in  a  mixture  of  vapour  and  air  or  with 
the  products  of  the  thermal  decomposition  of  the  e^qplosive). 

If  the  explosion  temperature  Is  lower  than  the  boiling  point  of  the 
explosive,  as,  for  example,  for  Hexogen  (  /boil  “  340®0,  txgt^  “ 
230°C},  then  the  deolsive  role  in  the  prooess  of  spontaneous  ignition  will 
evidently  be  played  by  the  reactions  occurring  in  the  condensed  phase  and 
in  the  Inteniiediate  deoomposltlon  products. 

In  BELYAEV'S  opinion,  the  oharaoter  of  the  explosion  is  defined  by 
the  relationship  between  the  boiling  point  and  the  eiQiloslon  temperature. 

If  the  boiling  point  Is  higher  than  the  ei^losion  temperature,  then  the 
explosion  should  have  a  detonating  oharaoterj  for  the  reverse  relationship 
of  these  temperatures  the  explosion  should  occur  as  a  more  or  less  rapid 
combustion.  This  point  oi  view,  however,  is  oontradloted  by  many 
experimental  data. 


Noticing  the  fallibility  of  BELYAEV s  criterion,  ANDREEV  quite 
corre''+ly  points  out  the  follovd.ng  circumstances  vMch  are  guides  in  the 
decatenation  and  estimate  of  thu  character  of  the  explosion. 

During  theimal  initiation  of  the  e^losion,  ignition  of  the  explosive 
first  occiurs,  followed  by  a  more  or  leas  brief  period  of  its  violent 
combustion.  If  the  combustion  is  unstable,  then  the  explosion  can  be 
completed  in  the  detonating  form,  as  occurs  in  nitxo-glyoerine.  A  criterion 
of  the  instability  of  the  process  is  the  excess  of  gas  supply  (due  to  the 
reaction)  over  gas  exhaust.  In  this  case  a  rapid  auto-acceleration  occurs 
of  the  combustion  which  under  favourable  conditions  (sufficient  weight  etc) 
changes  in  the  end  to  detonation. 

During  a  study  of  ignition  processes  ANDREEV  found  that  for  some 
ejcplosives  (Trotyl,  picric  acid,  39I0I)  during  rapid  heating  esQ^losion 
does  not  occur  but  there  is  a  flameless  decomposition  if  the  temperature 
of  heating  is  higher  than  a  cez'tain  limit.  In  ANDREEV s  opinion,  this 
phenomenon  is  explained  by  the  hypothesis  that  on  rapid  beating  of  the 
substance  until  the  boiling  point  is  attained  the  concentration  of  decom¬ 
position  products  of  the  condensed  phases,  which  play  an  essential  role  in 
the  processes  of  spontaneous  ignition,  is  small.  The  vapours  of  the 
explosive  >Moh  possess  a  considerably  higher  temperature  of  spontaneous 
ignition  than  the  boiling  point  decompose  without  an  explosion;  however, 
if  the  heating  temperature  exceeds  the  temperature  of  spontaneous  ignition 
of  the  vapours,  then  explosion  occurs.  A  known  oonflimatlon  of  this 
explanation  is  the  fact  that,  for  example,  Tetxyl  does  not  have  an  upper 
limit.  The  boiling  point  of  Tetxyl  (310^0)  is  oonslderably  hi^er  than 
its  explosion  temperature  (195^0)  because  its  spontaneous  ignition  ocours 
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before  it  vaporiaea. 

Volatility  which  plays  an  essential  role  in  the  processes  of  themal 
initiation  of  an  explosion  can,  however,  have  practically  no  effect  on  the 
impact  sensitivity  of  explosives  and  less  so  on  their  tendency  to  deton¬ 
ation  under  the  influence  of  an  initiator,  because  the  heatings  and 
initiation  of  explosion  in  these  cases  are  achieved  under  conditions  of 
very  high  pressures  at  which  vaporization  is  completely  or  almost  entirely 
suppressed. 

The  dependence  of  the  sensitivity  of  explosives  on  the  state  of 
aggregation  has  quite  a  general  character;  during  the  change  of  the 
substance  from  the  solid  st(  ...  to  the  liquid  state,  its  sensitivity,  as  a 
rule,  Increases  vdiloh  explains  the  higher  tea^erature  and  the  greater 
content  of  internal  energy  in  the  substance  in  the  liquid  state,  the 
excess  corresponding  to  the  latent  heat  of  fusion.  Under  the  conditions 
of  thexnal  initiation,  the  quoted  variation  Is  determined  by  the  fact  that 
In  the  liquid  state  the  aubstanoe  possesses  a  greater  vapour  pressure  and 
therefore  Ignites  more  readily. 

Thus,  for  example,  it  has  been  established  that  in  the  liquid  state 
nitro-glycerlne  is  noticeably  more  sensitive  than  solid  frozen  nitro¬ 
glycerine,  provided  this  does  not  contain  spaces  in  the  form  of  liquid 
nitro-glyoerine  drops. 

However,  in  some  cases  the  possibility  is  not  excluded  of  Increasing 
the  sensitivity  on  transfer  of  the  substance  from  the  liquid  state  to  the 
solid  due  to  the  formation  of  crystalline  modifications  of  lower  stability. 
An  example  of  such  a  transfer  is  the  labile  form  of  solid  nitro-glycerine 
characterized  by  increased  sensitivity  to  exts^ial  influences. 


As  regards  the  effects  of  struetiire .  density  and  the  magnlt-ade  of  the 
crystals,  it  must  he  shown  first  of  all  that  these  factors  have  an  effect 
maiiuy  and  most  markedly  on  the  susceptibility  of  explosives  to  detonation 
and  to  a  lesser  degree  show  an  influence  on  their  impact  sensitivity. 

This  is  explained  by  the  fact  that  the  limiting  initiating  charge, 
idiich  is  a  measure  of  the  susceptibility  of  e^losives  to  detonation, 
should  as  an  initiator  of  e3Q>losloD  not  only  cause  the  detonating  process 
but  also  its  subsequent  propagation  through  the  charge.  This  indicates 
mainly  tha4  within  the  limits  of  the  charge  under  test  a  noxmal  rate  of 
detonation  should  be  attained. 

The  readiness  with  tdiioh  an  explosive  reaction  is  stimulated  depends 
mainly  on  the  structure  of  the  substance  idillat  the  conditions  of  transfer 
of  the  stimulating  process  to  noxnal  detonation  and  its  subsequent  steady 
propagation  through  the  charge  depezid  essentially  on  the  physical 
properties  of  the  explosive  charge  by  means  of  vhLcia.  this  process  is 
propagated. 

In  determining  impact  sensitivity  on  an  impact  machine  the  mechanical 
impulse  is  transmitted  to  an  extremely  thin  layer  of  eaqplosive,  the  isolated 
localised  volumes  of  which  serve  as  centres  for  the  excitation  of  on 
Intense  chemical  reaction,  i^ch,  generally  speaking,  could  lead  either  to 
the  development  of  noxnal  detonation  or  to  the  extinguishment  of  the 
explosion. 

However,  the  layer  of  e:9losive  in  the  given  case  is  so  small  that 
the  physical  properties  iduLoh  influence  essentially  the  character  of  the 
propagation  of  the  process  through  the  charge  cannot  be  of  great  significance 
ui^er  the  conditions  belxig  considered. 


In  Fi^.  18  two  possible  types  of  developnent  of  the  process  are 

illustrated  for  the  effect  of  an 
initiating  impulsj. 

Curve  I  gives  the  development  of 
nonoal  detonation;  Curve  XI  the 
extinguished  e3g>loslon.  The  length  k 
is  the  thickness  of  the  layer  of  explosive 
in  the  plunger  device,  the  length  /|  is 
the  portion  after  which  the  e:gplosion  dies 
away  sharply. 

Fig.  13.  Change  in  From  the  diagram  it  is  evident  that, 

explosion  rate  in  the 

charge  of  Initiating  within  the  limits  of  the  charge  in  the 

explosive. 

device,  the  rate  of  the  process  cannot 
attain  one  of  its  limiting  values. 

The  statement  made  ooncemlng  the  pareferential  influence  of  the 
physical  factors  given  above  on  the  tendency  of  explosives  to  detonation 
is  confirmed  experimentally. 

Data  on  the  influence  of  the  pi^slcal  structure  are  especially 
significant  in  this  respect.  Ve  will  demonstrate  this  by  the  following 
examples. 

a)  An  explosive  in  a  gelatlneous  state  has  a  very  xouoh  worse 
susceptibility  to  detonation  than  the  same  explosive  in  a  non^gelatineous 
state,  which  is  easily  estahlisbed.  by  a  ocmparison  of  pyroxylin  and  pyro¬ 
xylin  powders. 

Pyroxylin  powders,  ss  is  well-known,  differ  from  pure  pyroxylin  in 
their  structure  and  content  of  "additives"  (residual  solvent,  stabilizer. 
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isolsture).  Pyrori^lln  povdera,  as  a  rule,  possess  a  7017  high  Impact 
sensitivity,  yielding  little  in  this  respect  to  pure  pyrosylin,  which  to 
a  considerable  extent  could  be  referred  to  the  effect  of  the  "additives" 
mentioned  above. 

Thus,  the  pyroxylin  powder  for  rifles  under  standard  test  conditions 
gives  80^  e^qtloslona,  i.e.  it  is  more  sensitive  than  Eexogen,  in  spite  of 
the  faot  that  it  contains  about  3*5/^  inert  additives. 

At  the  same  time  pyro:^lln  powder,  in  contrast  to  pyroxylin  Itself, 
possesses  an  extremely  low  susoeptlblllty  to  detonation.  It  does  not 
detonate  in  capsule-detonator  No.  8.  Ve  note  that  pure  pyroxylin  in  the 
compressed  state  detonates  readily  in  a  capeule  with  0.3  g  of  mercury 
fulminate. 

j)  In  the  compresaed  state  explosives  possess  a  oonsiderably  greater 
tendency  to  detonation  than  in  the  atolten  state,  even  for  the  same  density 
(Trotyl,  plorio  aold,  eto.}. 

0}  Molten  mixtures  of  soma  nitro-eompounds,  for  example,  a  molten 
euteotlo  comprising  95)^  Trotyl  and  sqylyl,  possess  considerably  greater 
sosoeptlbillty  to  detonation  than  either  of  these  explosives  separately. 

With  respeot  to  its  impaot  sensitivity  thla  melt  does  not  differ 
noticeably  from  Trotyl. 

The  molten  euteotlo  of  Trotyl  and  ag^lyl  differs  from  molten  Trotyl 
in  possessing  a  oonsiderably  finer  ozystalllne  structure.  This  leads  to  a 
considerable  Increase  in  the  initiation  zone  of  the  number  of  active 
centres,  the  reaction  rate  and  the  evolution  of  energy  during  the  develop¬ 
ment  of  a  noimal  detonating  prooess. 

LEXTMAN  succeeded  uzider  special  cooling  oondltions  in  obtaining  the 


same  eutectic  melt  uith  a  considerably  coarser  oiystallina  structure,  which 
did  not  possess  ary  advantage  over  molten  Trotyl  with  regard  to  suscepti¬ 
bility  to  detonation. 

LETTMAN's  investigations  also  showed  that  many  explosives  (Trotyl, 
xylyl.  Hexogen,  etc.},  obtained  in  the  finely  divided  state  by  precipitating 
them  from  solution,  possess  a  greatljr  increased  susceptibility  to 
detonation  in  comparison  to  the  same  e^qplosives  with  a  normal  quantity  of 
crystals. 

The  effeot  of  the  degree  of  dispersion  of  the  crystals  of  eiiQilosives 
on  the  susceptibility  to  detonation  is  oharaoterlzed  by  the  following  data 
In  Table  Id,  according  to  L&ZTKAN. 

The  information  encountered  in  the  literature  concerning  the  effeot 
of  crystal  alee  on  the  Inqpaot  sMXsitlvity  of  es^osives  Is  extremely 
contradlotoxy.  Analysis  of  the  data  available  shows  all  the  same  that 
crystal  size  Influenoes  mainly  Initiating  e]q;>loslve8  idilob  possess  high 
sensitivity  to  meobanioal  aotlone. 

It  was  noted  that  ooarse  oxystals  of  some  azides  sometimes  explode 
on  lightly  touching,  fraotive  of  the  ozystal,  eto.,  idilob,  In  the  opinion 
of  some  investigators,  is  esgslained,  strictly,  not  by  the  dlmonslons  of 
the  crystals  but  by  the  alterations  In  the  crystal  structure  due  to  the 
conditions  of  crystallisation. 

In  the  places  ;diere  such  alterations  occur,  the  eiaergy  of  the  ozystal 
lattice  can  be  considerably  greater  than  nozmal. 

Whilst  testing  a  large  number  of  aromatio  nitrocompounds,  LEXTMAH  did 
not  succeed  in  a  single  case  in  detecting  a  noticeable  change  in  their 
impact  sensitivity  on  transfer  from  normal  crystals  to  finely  divided 


Table  18 


The  effect  of  the  degree  of  dleDerelon  of  crystal a 
on  the  tendency  to  detonation. 
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particles,  the  dlmenslozui  of  vhleh  varied  within  the  limits  of  1  to  4  p. 

It  is  aooopted  that  with  increase  in  the  density  of  an  explosive, 
its  sensitivity  decreases,  ^s  factor  aotiially  shows  a  narked  effeot 
on  the  susceptibility  of  the  esqploslve  to  detonation  and  has  an  especially 
marked  influence  in  this  respect  on  the  behaviour  of  amnionites,  ohloratltes 
and  certain  other  e3Q>loslves»  On  Inorease  in  the  density  of  the  latter 
above  a  known  Unit  their  susceptibility  to  detonation  deoreases  sharply. 

The  effeot  of  the  density  of  ea^osives  on  the  susceptibility  to 
detonation  can  be  illustrated  by  the  following  data  (Table  19). 

At  the  same  time  it  was  established  that  the  density  of  charges  shows 
essentially  less  effect  on  their  impact  sensitivity  than  on  their 
susceptibility  to  detonation. 


Table  19. 


The  effect  of  danaltv  of  a  cheddlta  charge 
on  the  attflceptlbllltv  to  detonation. 
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Some  Initiating  explocdvee  Oaorouiy  fulminate,  diazodlnltxophenol, 
trinltrotriasldobenBene,  eto.)  on  Inorease  In  density  above  a  certain 
limit  under  practical  conditions  of  application  (capsule-detonators)  lose 
the  ability  to  detonate  under  the  influence  of  a  beat  pulse;  the  decom¬ 
position  of  these  substanoes  ui^er  pressing  acquires  tbs  character  of  a 
more  or  less  rapid  combustion.  This  phenomenon  known  by  the  taame  "dead 
pressing"  was  quite  thoroughly  investigated  by  AVMESOV  and  FE0KTIST07A 
and  also  by  aNCBKEV.  During  thermal  initiation  of  explosion  of  the  majority 
of  explosives,  detonation  is  always  preceded  by  a  period  of  violent 
combustion.  The  change  from  combustion  to  a  detonating  form  of  esQiloslon 
is  achieved  under  definite  critical  conditions  in  the  sense  of  pressure 
and  auto-aooeleratlon  of  the  reaction. 

It  was  established  by  the  above  mentioned  investigators  that  the 
phenomenon  of  "dead  pressing"  does  not  characterize  any  special  state  of 
the  substance  in  which  it  loses  its  detonating  ability,  but  it  means  that 


The  effeot  of  density  of  a  cheddlte  charge 
on  the  auBceptlbllltv  to  detonation. 


Table  19. 
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Some  Initiating  exploslTea  Ouroury  fulminate,  dlazodlnltrophenol, 
trinitrotriazldobenzene,  eto«)  on  Increase  in  density  above  a  certain 
limit  under  practical  conditlona  of  application  (oap8ule-4etonators)  lose 
the  ability  to  detonate  under  the  influence  of  a  beat  pulse;  the  decom- 
position  of  these  substances  under  pressing  acquires  the  character  of  a 
more  or  less  rapid  combustion.  This  phenomenon  known  by  the  name  "dead 
pressing"  was  quite  thorou^y  investigated  by  A7ANSS07  and  FB0ETZST07A 
and  also  by  ANDREE7.  During  theziaal  initiation  of  explosion  of  the  majority 
of  e^^osives,  detonation  is  always  preceded  by  a  period  of  violent 
combustion.  The  change  from  oombustlon  to  a  detonating  form  of  explosion 
is  achieved  under  definite  critical  conditions  in  the  sense  of  pressure 
and  auto-acceleration  of  the  reaction. 

It  was  established  by  the  above  mentioned  investigators  that  the 
phenomenon  of  "dead  pressing"  does  not  characterize  any  special  state  of 
the  substance  in  idilch  it  loses  its  detonating  ability,  but  it  means  that 


the  acceleratloQ  of  combustion  proooeds  slovl^  because  the  chani'e  from 
combustion  to  detonation  cannot  be  achieved  within  the  limits  of  a  small 
charge . 

The  slouing-up  of  the  acceleration  process  of  combustion  in  its  turn 
is  determined  by  the  decrease  In  the  porosity  of  the  charge  at  increased 
densities.  According  to  the  data  of  AViU^V  and  F££iKTISTOVA  in  any 
"pressed"  charge  it  is  possible  to  produce  a  change  from  combustion  to 
detonation,  if  the  strength  of  the  case  and  the  degree  of  heznetio  sealing 
of  the  charge  are  Increased  correspondingly. 

The  sensitivity  of  e:q>loslves  can  change  sharply  on  the  introduction 
of  inert  additives  into  the  charge.  The  influence  of  the  latter  is  felt 
mainly  on  the  sensitivity  of  explosives  to  meohanioal  actions.  Different 
kinds  of  additives  do  not  show  the  sama  effect  on  the  sensitivity  of 
e^osivos;  in  some  oases  the  sensitivity  inoreases  and  in  others 
deoreases. 

Additives  capable  of  Inoreaslng  the  sensitivity  of  explosives  are 
oalled  aensitiaers  and  additives  vhloh  deorease  the  sensitivity  of 
explosives  are  called  nhleematizers. 

Qood  sensitizers,  as  a  rule,  are  substances  which  possess  great  hard¬ 
ness,  sharp  edges  azui  high  melting-point,  as,  for  example,  powdered  glass, 
sand,  particles  of  certain  metals,  etc.  They  provide  oonoentratlons  of 
impact  energy  on  the  sharp  edges,  they  are  foci  of  intense  friction  and 
they  lead  to  the  formation  in  the  charge  of  numerous  centres  of  local 
heating  capable  of  causing  explosion  In  it.  RIDEAL  and  ROBERTSON'S 
experiments  showed  that  in  the  presence  of  sensitizers  the  period  of  time 
T  from  the  moment  of  impact  to  explosion  is  sharply  curtailed;  thus 


for  pyre  P3TN  t  “  240  micro  sec;  but  in  the  presence  of  18^  quartz 
it  is  only  80  micro  sec. 

COFP  and  UBBELOHDE  on  the  basis  of  their  e::^eriments  with  various  high 
explosives  note  that  if  the  hardness  of  the  added  substances  is  more  than  4 
on  the  Mohs  seals,  than  the  sensitivity  of  e^^losives  increases  with 
increase  in  the  percentage  concentration  of  the  additives. 

BOUDEN  and  OUBfON,  on  the  other  hand,  consider  that  the  melting  point 
of  the  additive  particles,  not  their  hardness,  gives  the  decisive  effect 
on  the  sensitivity  of  explosives  to  mechanical  actions.  The  results  of  the 
corresponding  tests  carried  out  by  »hesa  for  are  givon  in 

Table  20. 

The  effect  of  additives  on  the  sensitivity  of  PSTN 


iddltiT* 

Hardness 
by  M(jis 

seal. 

Ksltiu 

point 

•0 

?re(luenoy  of 
•xploiionii 

durina 

frlotion 

dux'lns 

iapaot 

i^ir«  pent . . 

1.8 

14] 

0 

2 

silver  ultrat.  . 

2-3 

212 

0 

2 

Petasslua  acetat.  . 

1-1^ 

324 

0 

0 

PotaaeiuB  dlohrout.  .  .  . 

2-3 

398 

0 

0 

Silver  brenlde  . 

2-3 

434 

50 

6 

Lead  chloride  . 

2—3 

501 

60 

27 

Borax  . 

3—4 

6(50 

100 

30 

Bleauthlt*  (BljO,J . 

cl 

685 

100 

42 

7 

800 

100 

100 

Rook  salt  . 

2-23 

804 

50 

0 

Capper  glonoe  . 

23-2.7 

1100 

100 

50 

Calolte  .  . 

3 

1330 

100 

43 

.Analogous  results  were  obtained  for  Hexogen. 

On  the  basis  of  analysis  of  the  experimental  data,  the  authors 
arrived  at  the  following  oonoluslons. 

1.  Sensitizing  properties  only  occur  in  additives  (independently  of 
their  hardness)  the  melting  points  of  which  are  higher  than  the  critical 
temperature  neoeasaxy  to  excite  explosion  of  the  given  explosive  at  the 
"hot  spots". 

For  such  sensitizers  with  respect  to  PETN  and  Hexogen,  only  additives 
with  melting  points  higher  than  430-450*^0  are  used. 

2.  Hard  partiolea  of  additives  increase  the  sensitivity  of  explosives 
to  a  greater  degree  than  soft  particles  under  conditions  such  that  their 
malting  point  is  hi^er  than  the  corresponding  eritical  value  for  the 
given  explosive. 

From  Table  20  it  is  evident  that  of  all  the  substanoes  tested^  glass 
possessing  the  greatest  hardness  was  also  the  best  sensitizer  tmder  the 
test  conditions  of  FSIH  for  impact  sensitivity. 

The  best  pblegnatlzlng  properties  are  possessed  by  suoh  substanoes 
as,  for  example,  paraffin,  wax,  vaseline,  oampbor,  eto.  By  covering  the 
crystal  surfaces  by  a  soft  elastic  film  they  permit  a  more  unifozm 
distribution  of  stresses  in  the  charge  and  a  decrease  in  the  friction 
between  the  separate  particles  which  leads  to  an  essential  restriction  of 
the  surface  reactions  and  of  the  probability  of  "hot  spots"  occurring. 

The  character  of  the  Infliienoe  of  inert  additives  on  the  sensitivity 
depends  to  a  ocsslderable  extent  on  the  relationship  between  the  physioal- 
mechanlcal  properties  (particularly,  the  hardness)  of  the  explosive  itself 
and  these  additives.  Thus  FROLOV  and  BAUM's  empeximenta  showed  that  talo. 


Table  21 


Tlie  effect  of  talc  on  ths  Impact  aensitlvlty  of  Trotyl  and  Hexoaea. 


. .  . 

Talo  oontant. 

f  oxploiions 

Trotyl 

Htzogn 

1 

4 

84 

2^ 

8 

80 

S.O 

8 

36 

10.0 

24 

12 

20.0 

52 

8 

40.0 

68 

8 

S0.0 

74 

4 

which  la  a  piileg^tizer  with  reapeot  to  Hexogen,  is  at  the  sane  tine 
quite  an  aotive  aensitizer  with  reapeot  to  Trotyl  (Table  21). 


Ve  note  that  talo  oooupiea  a 
central  place  on  the  hardness 


scale  between  Trotyl  and  Hexogen. 

HOLEVO  shows  that  the  effect 

■ 

of  inert  additions  is  determined 

not  only  by  their  physical  pxope]>* 
ties  but  depends  essentially  on 

Fig.  19.  HOLEVO's  plunger 

the  conditions  of  deformation  of  device, 

the  charge  on  impact.  He  confirms  this  by  the  following  experiments.  The 
impact  sensitivity  of  83q>losive3  is  detexnlned  both  in  zioimal  devices  and 
in  H0LE70's  device  illustrated  in  Fig,  19.  In  devices  of  this 
construction,  the  charge  on  impact  can  be  squeezed  more  or  less  easily  into 


the  groove  vMlst  in  normal  devices  it  can  onl7  flow  partially  into  the 
clearance  between  the  cylinders  and  the  sleeve. 

Test  results  shoved  t^at  in  certain  oajes  whilst  using  standard 
devices  the  addition  of  paraffin  leads  to  a  noticeable  Increase  in  the 
sensitivity  of  explosives,  whilst  aluminium  poi^er  and  aluminium  oxide 
possessing  extremely  high  hardness  or  silica  behave  like  phlegmatii.era. 
Thus,  for  example,  a  mixture  of  Hexogen  and  aluminium  powder,  in  a  Itl 
proportion,  for  an  impact  energy  of  3  kgm  gives  some  failures  in  standard 
devices,  whilst  in  HOLEVO's  devices  under  the  same  conditions  it  gives  100^ 
explosions,  i.e«  it  is  even  more  sensitive  than  pure  Eoxogan.  Upon  the 
addition  of  10^  paraffin  to  this  mixture  for  the  same  impact  energy  in 
standard  devices,  8<^  es^osions  were  obtained  and  in  HQLS?d's  devices 
explosions. 

HOLSVO  notices  that  in  the  presence  of  paraffin  the  sensitivity 
increases  only  vdien  the  charge  without  paraffin  deforms  slightly  and  does 
not  extrude  into  the  clearance  of  a  standard  device;  in  the  presence  of 
paraffin  this  form  of  deformation  does  not  Inorease  sotioaably. 

The  sensitizing  actions  of  hard  additives,  Ih  HOLSVO's  opinion, 
clearly  only  appear  \dien  conditions  are  favourable  for  the  rapid  flow 
(extrusion)  of  the  charge  in  the  devloe.  In  this  case  In  the  charge,  as 
a  rule,  more  favourable  conditions  are  caused  for  the  creation  of  loocd 
volumes  of  high  temperature. 

In  conclusion  it  must  be  noted  that,  of  course,  it  is  not  possible 
to  oonsider  the  process  of  extrusion  of  the  eiqplosive  into  the  olearanoe 
or  the  groove  ae  the  only  reeaon  for  the  ooourrenoe  of  an  e^loslon  on 
impact,  which  by  the  way  is  oonflzmed  by  the  results  of  HOLEVO's  own 


experiments.  Thus,  in  testing  a  number  of  high  explosives,  including  such 
liighly  sensitive  ones  as  nitro-glyoerine,  Tetryl  and  Hexogen,  in  devices 
with  a  groove  it  v&a  not  possible  to  obtain  explosions.  In  nonnal  devices 
these  explosives  secured  a  big^  percentage  of  e^qplosions  for  considerably 
lover  energy  of  impact. 

The  reasons  for  the  different  sensitivity  of  e:gplosive  compounds  have 
not  yet  been  investigated  sufficiently  fully.  It  is  sometimes  attempted 
to  explain  these  differences  by  the  affeot  of  thenno-chemiosd  factors t 
thus,  it  is  supposed  that  with  decrease  in  the  heat  of  foxnation  of  an 
explosive  its  sensitivity  should  increase. 

This  law  does  actually  hold  within  laio\dQ  limits.  The  majority  of 
highly  sensitive  initiating  axploaivea  are  endothertsic  compoiinds,  tdiilst 
less  sensitive  high  eag>losives  in  a  majority  of  cases  are  exotheznlo 
compounds. 

However,  numerous  examples  of  deviation  from  the  given  rule  can  be 
quoted  even  for  es^losivea  ;diloh  are  close  to  oxie  another  in  their 
chem1,oal  nature.  Thus,  for  exaaq^e,  the  more  endothermic  azides  of  lead 
and  mercury  are  less  sensitive  to  impact  than  ths  azides  of  silver  and 
atrontium. 

A  marked  lack  of  oorrespondenoe  between  beat  of  formation  and 
sensitivity  also  occurs  in  maqy  nitro-oompounds  of  the  aromatic  series, 
>Mcb  is  evident,  for  example,  from  Table  22.  Trinitzophlorogluoinql 
\Moh  according  to  its  heat  of  formation  should  be  an  extremely  stable 
compound  is  charaoterized  by  partloularly  high  impact  sensitivity,  in 
comparison  to  the  remaining  explosives  in  this  table. 


Table  22. 


Impact  aensltlvitv  of  soma  high  explosives. 
(  P  =  10  kg  and  n  =  25  can) 


Nan*  of  ajqilodT* 

Heat  of 
fomaiion 
koal/nola 

1>  axploelona 

a-'trlnitrotoluo]  . 

13.0 

6 

trlnitroanilin*  ...... 

19.5 

0 

trlnitrophanol  . 

49.6 

18 

trinitroroaorelnojl . 

117.3 

64 

trlnltropblorogluolnol  .  .  . 

159.6 

100 

Thus,  it  must  be  oonoluded  that  the  heat  of  foxnation  itself  oazxaot 
in  any  viay  be  a  cxiterion  for  the  comparative  estimate  of  the  sensitivity 
of  explosive  compounds* 

BERTIIEXOT  supposed  that  on  increase  in  the  beat  of  explosive  decom¬ 
position  or  the  potential  enei^  of  the  system  the  sensitivity  of  esgplosives 
increases.  In  practice  a  number  of  oases  do  actually  occur  vdiere  this  rule 
is  eonfiimed  (Table  23). 

Table  23 

The'  variation  of  impact  sensitivity  viith  heat  of  explosion. 


Vane  of  axploaiTt 

Heat  of 
exploalon 
Icoal/lcg 

Inpaot 

senaitivity 

Nitroglycerine  . 

1485 

0.16 

PEIK . 

1403 

0.80 

Hexogen  . 

1.30 

Tetryl  . 

1095 

1.60 

Piorio  aoid  . 

1030 

2.0 

Trotyl  . 

1010 

3,5 

Howover,  on  detailed  conaideration  of  the  question  it  appears  that 
the  given  rule  does  not  hold  within  wider  limits.  Thus,  the  heat  of 
explosion  of  Hexogen  is  more  than  three  times  that  of  mercury  fulminate 
but  the  latter  is  of  very  considerably  greater  sensitivity.  We  find 
similar  contradictious  in  comparing  a  whole  series  of  other  explosives. 

The  majority  of  the  siost  widely  used  explosive  cospounds  (Trotyl, 
picric  acid,  Hexogen  and  oth'^rs)  are  in  general  thenoodynamically  unstable 
and  possess  relatively  high  stability  under  nomal  conditions,  idiich  can 
be  explained  to  a  certain  extent  by  the  kinetic  conditions  of  their 
decomposition  at  high  temperatures.  The  most  fundamental  kinetic 
characteristic  of  a  substance  is  Its  energy  of  activation  E. 

We  will  turn  our  attention  to  high  values  of  E  and  unusually  large 
values  of  the  magnitude  L  for  a  number  of  ai^q^oslves  >Mch  deoompose 
according  to  the  monomoleaular  lav, 

2^  =  A  (a— x), 

_  B 

where  ^  is  the  rate  constant  of  the  chemloal  reaction 

(Table  2'..). 

'TMSl2^‘ 

Kinetic  constants  of  certain  explosives. 


Explosive 

E 

koa^Bola 

log  Z 

Kitroglyoerine  (125-I5D*  0) 

4SOOO 

23.5 

Pyroxylin  (155-175*)  .  .  . 

56  000 

24.0 

Tetiyl  (liquid; 

60  000 

27.5 

Piorlo  acid  e  .  .  . 

58000 

22.5 

Trotyl  . 

53000 

19.0 

SSMSNOV  shows  that  high  values  of  E  make  explosives  stable  at  low 
temperatures  whilst  unusually  large  values  of  the  pre-exponential  factor  Z 
makes  their  violent  decomposition  possible  at  higher  temperatures. 

The  activation  energy  of  an  explosive  is  usually  determined  from  the 
conditions  of  their  thermal  decomposition  or  on  the  basis  of  the  data 
concerning  the  variation  between  the  exp?  ')sion  temperature  and  the 
Ignition  time  lag.  Starting  from  this,  some  investigators  consider  that 
the  sensitivity  of  explosives  to  a  heat  pulse  should  be  determined  above 
all  by  their  activation  energies.  However,  analysis  of  the  data  available, 
presented  in  Table  25,  does  not  confirm  this  hypothesis.  The  activation 
energy  was  determined  on  the  basis  of  data  oonoenlng  explosion  temper¬ 
atures.  Weight  of  explosive  Is  0.1  g. 

Table  25. 

Aetivatlon  energica  and  explosion  temperatures 
of  some  explosives  (aooording  to  BAHM). 


Ezploalr* 

o&l/aole 

Saneltlvity  to 
^  beat  pulse 

T,  ««C 

Lead  aiids  .  , 

26000 

330 

16 

Silver  azide  . 

23  400 

210 

21 

Sarlua  azide  . 

18500 

257 

18 

Strontlua  azlda . 

11  500 

230 

9 

Trotyl  . 

27  800 

340 

13 

Trlaltroanlllne  .  . 

28  000 

460 

12 

Trlnltropheaol  . 

26000 

340 

13 

Trlnltro^orogluolnol  ...... 

27  000 

200 

17 

Tetryl  . 

23100 

ISO 

22 

TrisltropbenylnltraBise  . 

41000 

65 

24 

The  series  of  ajqjloalves  given  in  the  table  is  characterized  by 
quite  similar  vaD.uaa  of  £'  but  thay  differ  essentially  with  respect  to 
explosion  temperatures.  Trlnitrophenylnitramina  possesses  the  highest 
value  of  aotivation  energy  idiilst  it  is  one  of  the  most  sensitive  solid 
explosives  towards  a  heat  pulse. 

The  absence  of  a  regular  law  between  explosion  temperature  and _ _ 

aotivation  energy  of  explosives  is  explained  above  all  by  the  fact  that 
the  latter  Is  not  a  constant  magnitude  but  changes  essentially  for  one  and 
the  same  explosive  depending  on  the  temperature  and  oharaoter  of  the 
ehenioal  reaction. 

Thus«  aooordlng  to  ANDREEV s  investigations,  for  calcium  azide  E 
changes  within  the  limits  of  20,000  oal/nole  at  70^0  and  >4,000  cal/oole 
at  135^0.  Re  shoved  that  the  reaction  products  of  CaN^  at  lower  temper¬ 
atures  consist  of  calcium  hydrazide  and  at  hl^er  temperatures  of  the 
nitride]  under  explosion  conditions  decomposltlor  occurs  with  the 
separation  of  free  metal. 

At  temperatures  up  to  100^0  trinltrotrlszldohenzens  is  deoompossd 
according  to  the  equation 

C,(N,),(NO,),  C,(NO),+3N». 

i.e.  the  reaction  leads  to  the  foxnatlon  of  hexanitrobenzene,  v&ddi  Is 
Itself  on  explosive  compoimd;  at  higher  temperatures  complete  decompo¬ 
sition  of  the  benzene  nucleus  can  occur. 

The  energy  charaoteristioa  considered  by  us  so  far  -  heats  of 
foroiatlon  and  explosion,  aotivation  energy  -  are  magnitudes 
characterizing  the  overall  properties  of  the  moleoules  of  the  explosive 


compounds.  They  do  not  characterize  directly  the  energy  level  of  the 
separate  Intermoleoular  bonds  or  the  atomic  complea^s  which  can  have  a. 
decisive  effect  on  the  strength  of  the  whole  elementary  structure. 

The  different  bonds  occurring  In  molecules  are  not  of  equal  value 
either  vdth  respect  to  their  own  strength  or  with  respect  to  their  effect 
on  the  stability  of  the  molecular  struoture  as  a . Khole ,  . 

Thus,  for  example,  in  Tetzyl  the  least  stable  bond  Is  that  idiloh 

/CH, 

connects  the  carbon  atom  in  the  nucleus  with  the  complex  — N  { 

\no. 

However  the  separation  of  this  complex  during  the  time  of  reaction  does 
not  produce  destruction  of  the  basic  benzene  nucleus,  just  as-  the 
separation  of  the  NO2  group  in  lyxosgrlin  still  does  not  mean  the  destruction 
of  the  basic  oarbon  chain  of  the  molecule. 

All  the  same,  the  structure  of  the  moleoule  can  be  radleally  destroyed 
as  soon  as  the  bond  between  the  basic  caxbon  atoms  in  soios  part  of  the 
benzene  nucleus  or  the  carbon  skeleton  6f  the  molecule  is  broken.  Tbla 
scission  Td.ll  occur  at  the  place  of  the  weakest  bond. 

Therefore,  in  estimating  the  sensitivity  of  es^oslvas  it  is 
necessary  to  consider  the  peculiarities  of  their  molecular  struoture  and 
the  bonds  upon  \Mah  the  stability  of  the  moleoule  as  a  whole  depends. 

The  question  of  the  connection  between  the  sensitivity  of  e:q>losives 
and  their  structure  is  dealt  with  in  only  a  few  research  works,  in 
particular,  the  work  carried  out  by  BADM  and  BAGAL  in  1945<-1947. 

The  nature  of  this  connection  has  been  very  clearly  established  for 
inorganic  azides. 

The  results  of  X-ray  and  eleotron  examinations  showed  that  many 


inorganic  azides  possess  an  ionic  crystal  lattice,  because  the  chemical 
bond  between  the  nitrogen  and  the  corresponding  metals  in  them,  as  a  rule, 
is  heteropolar. 

Because  of  this  It  is  possible  to  consider  that  the  stability  of  the 
elementary  structure  and  consequently  the  stability  of  these  azides  should 
to  a  considerable  e:ctent  depend  on  the  energy  (J  of  the  crystal  lattice, 
determined  by  the  force  of  electrostatic  attraction  between  the  corres¬ 
ponding  ions  sBd  The  greater  the  energy  of  the  crystal  lattice, 

then  the  more  stable  la  the  given  azide  and  the  smaller  its  sensitivity 
should  be  under  the  conditions  of  detonating  decomposition.  The  results 
of  our  esqperlments  on  the  detanalnatlon  of  impact  senaitlvity  oonflm  this 
lypotheals  (Table  26). 

Table  26. 

Impact  sensitivity  of  certain  azides. 


Purity  of 
tilt  |r^duot, 

Test  oondltioAt 

Upper  lieit 

Of  eeneitiTity 

weight 
of  load, 
kg 

diaaetar 
of  faoa, 
u 

drop 

hei^t, 

%  ex- 
ploelou' 

PbNo . 

99,4 

1,52 

135  ■ 

225 

100 

CdN, . 

89,7 

1.62 

135 

195 

100 

CaN, . 

99.2 

1,52 

1.40 

119 

100 

BaN . 

993 

132 

135 

65 

100 

NgN, . 

993 

132 

130 

235 

100 

CuN,' . 

99.4 

132 

1.40 

125 

100 

AgN, . 

983 

132 

135 

80 

100 

The  azides  given  here  possess  a  more  or  less  clearly  expressed 
heteropolar  itraoture.  Estimates  made  using  BORN's  cycle  showed  that  in 
a  number  of  azides  of  divalent  metals,  compared  with  the  ls,ttice 

energy  for  CdEg  Is  57  kcal  less,  for  CaNg  it  is  133  kcal  les:.  and  for 
BaNg  it  is  150  koal  less;  for  a  number  of  azides  of  monovalent  metals, 
compared  with  HgN^,  the  lattice  energy  for  CuN^  is  24  koal  less,  and  for 
it  is  66  koal  less.  As  would  be  esqpeoted,  the  sensitivity  of  the 
corresponding  azides  increases  in  the  same  order. 

Gold  azide  Au(U^)^  is  of  great  theoretical  interest.  The  fonuatlon 
of  the  ion  Au^^  requires  the  separation  of  two  electrons  from  the  stable 
closed  shell  d'°  ,  idilch  is  connected  with  great  e^qpendituxe  of  energy 

and  makes  the  ionic  structure  of  gold  azide  unfavourable  from  the  energy 
point  of  view.  This  olrcumstanoe  leads  to  the  formation  of  an  extremely 
unstable  covalent  bond  Au-B,  iMoh  oorresponds  to  the  porobable  stmoture 

—  Au— N  =  N«=N. 

I 

Beoause  of  this,  gold  azide  should  be  a  barely-stable  and  very 
sensitive  esqiloslve.  Thus,  its  explosion  temperature  equals  75°C  for  a 
delay  time  of  2  seo;  it  esq^lodes  under  very  insignificant  mechanical 
actions,  CuBg  behaves  similarly. 

B0^n)EB  in  his  researches  reached  agreement  with  the  hypotheses 
developed  by  us  ooncemlng  the  sensitivity  of  azides. 

§  12.  The  thermal  decomposition  of  explosives. 

It  was  established  earlier  that  the  mechanism  of  explosion  initiation 
under  the  Influence  of  a  heat  pulse,  Impaot  and  friction  is  oonneoted  with 


the  processes  of  thennal  decomposition  of  esjjlosives.  These  processes 
also  play  an  extremely  important  role  in  phenomena  connected  with  thi. 
chemical  stability  of  explosives. 

The  decomposition  processes  of  explosives  obey  the  general  laws  of 
chemical  kinetics  and  accoa^Ung  to  them  their  flow  rate  depends  very 
greatly  on  temperature. 

In  certain  cases,  using  the  laws  of  chemical  kinetics,  it  is  possible 
to  calculate  more  or  less  accurately  the  time  during  vMoh,  for  a  given 
temperature  and  reaction  rate  constant,  a  definite  portion  of  the 
explosive  decomposes. 

The  basic  law  of  chemical  kinetics  is  the  law  of  mass  action, 
according  to  idiich  the  reaction  rate  at  a  given  moment  is  proportional  to 
the  product  of  the  concentrations  of  the  reactants  at  that  moment  of  tine. 

?or  monomoleoular  reactions  vdien  only  one  form  of  molecule  undergcee 
transfozmation  and  the  etolohiometric  coefficient  in  the  reaction  equation 
equals  unity,  l.e.  for  reactions  of  the  type  AB  A  4*  B,  the  lav  of 

mass  action  gives 

v=^^  =  k{fl-x),  (12.1) 

where  a  is  the  rate  of  the  chemical  reaction;  a  Is  the  initial 
concentration  of  the  substance;  r  is  the  quantity  of  the  substance 
decomposed  at  a  given  moment  of  time  t  and  k  is  the  reaction  rate 
constant  showing  >dist  part  of  the  substance  reacts  per  unit  time. 

Integrating  equation  (12*1),  we  obtain 

0  0 


v&ence 


In^ — —=  —  kt  or  a'~X’=cie~^*. 

a 

Graphioa].ly,  this  variation  io  ea^ireBsed  in  the  form  of  a  ourve  (Pig,  20), 
From  (12,^2}  and  the  diagram  it  follows  that  the  oonoentration  and, 
consequently,  the  reaction  rate  (decreases  continuously  with  time. 

The  oharactexistio  of  thermal  stability  of  the  substance  is  usually 
taken  to  be  the  time  r  during  which  a  definite  portion  of  the  substance 
reacts.  It  is  evi.dent  that 

1  ,  .  100  . 

a2.3) 

tdiere  x  is  expressed-as  a  percentage. 

3AF0ZHNZK0V,  ROBERTSON  and  other  investigators  estabnshed  that  this 
law,  in  particular,  is  obtained  with  stable  cellulose  nitmtes  in  the  first 


0  /  s’j  4  s  &  y  e  s  a 


Fig.  20.  The  variation  of  reaction  rate  with  time. 

period  of  their  heating  in  a  stream  of  carbon  dioxide  carrying  the  products 
of  decomposition.  The  magnitude  of  the  constant  depends  on  the  conoen- 


tration  of  nitrogen  In  the  cellulose  nitrate.  The  variation  of  the 
reaction  rate  constant  (in 
relative  units)  vdth  the  concen¬ 
tration  of  nitrogen  in  the  cellulose 
nitrates  according  to  KLIMENKO  Is 
shown  in  Fig.  21.  Fna  the  diagram 
It  follows  that  the  larger  the 
concentration  of  nitrogen  in  the  Ouantity  of  nitros«n,  ^ 

cellulose  nitrate,  then  the  higher 

is  its  deeompoaltlon  rate  at  the  Fig.  21.  The  variation  of  the 

reaction  rate  constant  with  the 

given  temperature.  nitrogen  oonoentration  in  bellulose 

nitrates. 

The  themal  decomposition  of 

some  explosives  under  given  oondltions  possesses  an  auto-catalTtlo 
character  which  is  more  or  less  olearl/  e3g>ressed,  Auto-oatalytlo 
decomposition  at  high  temperatures  is  oharactetistio  of  cellulose  nitrates. 
Thaimal  decomposition  of  liquid  Trotyl  (at  temperatures  of  the  prdsr  of 
300‘’C  and  above)  and  some  other  explosives  (for  example,  Tetryl,  ammonium 
nitrate)  is  also  accompanied  by  auto-oatalytlo  phenomezja. 

The  role  of  autocatalysts,  aooelex'atlng  the  processes  of  eaploslve 
decomposition,  is  assumed  mainly  by  the  intermediate  reaction  products,  in 
particular,  some  radicals  and  oxides  of  nitrogen  recovered  during  the 
course  of  the  reaction.  Thus,  during  the  thenial  decomposition  of  cellulose 
nitrates,  about  40)(  of  all  the  oxides  of  nitrogen  produced  separate*  in  the 
form  of  NO2.  It  oxidizes  the  cellulose  nitrate  and  is  reduced  to  NO.  If 
the  decomposition  occurs  in  the  presence  of  the  oxygen  in  the  air,  then  NO 
is  again  oxidized  to  NO2,  etc* 

/of 


The  role  of  positive  catslysts  of  the  reaction  can  also  be  fulfilled 
by  certain  additions  to  the  explosive,  for  example,  traces  of  free  acids, 
fine  particles  of  metals  (Ft,  Ni,  Ig,  Fe,  etc.)  and  oxides  of  metals 
(Fe203,  AI2O3,  lin02,  etc.)  and,  in  some  cases,  traces  of  moisture. 

It  is  characteristic  of  auto-catalytic  reactions  that  the  increase  In 
rate  is  progressive  as  the  decomposition  products  accumulate  up  to  a 
definite  limit  (ma^dmum)  after  which  the  rate  begins  to  decrease,  vdiioh  is 
connected  vflth  a  considerable  decrease  in  the  concentration  of  the  initial 
substances.  A  very  small  rate  is  characteristic  of  the  initial  stage  of 
the  auto-oatalytle  reactions.  In  this  stage  (induotlon  period)  an 
accumulation  of  the  active  intermediate  product  occurs. 

The  kinetic  equations  for  auto-catalytic  reactions  are  in  general 
qtiite  eompUoated.  For  an  auto-catalytic  honogeneotts  reaction  of  the  first 
order  tne  kinetic  equation  has  the  form 

vdxere  Is  the  concentration  of  the  eatalyaing  product. 

Integration  of  this  equation  gives 


a2.4) 


which  corresponds  to  a  curve  with  a  maximum  at 


X 


a 

2  • 


It  is  not  always  possible  to  describe  the  character  of  the  thermal, 
decomposition  cf  explosives  by  a  kinetic  equation  of  one  type.  In 
partitniLar,  according  to  ANDREEV'S  Investigations,  oonfizmed  by  BAUH's 


/o;l 


ciita,  tho  thorJial  doccnpositior.  of  the  a;.. .des  of  calciwi  end  bariiai  during 
the  euto-ecccleration  of  tho  reaction  cor  ’oonondo  to  the  eo~callc.d  topo- 
chondoal  t;rp3  of  d;;vr.lcp  vant  of  reaction  •  onoG  from  the  i:  :.tlal  centres 


of  ch.  ui.caj.  real  V. one  loruocl 


sorted,  the  final  staro  of 


decoHpOoitxon  Oi  nnese  subiiteiices  sorictx^  obeys  'uno  irjonoiioxec’jl&r  law* 
Vhen  the  initial  number  of  nuclei  io  constant,  the  rate  of  the  topo- 
che'jaical  reactio.n 


5?  =  *^'  or  x  =  (4)^h 


(12.5) 


i.e.  tho  concentration  of  tho  decomposing  substance  shcoid  be  proportional 
to  the  cube  of  the  time  t  . 

T.ho  expression  (12,5)  requires  a  linear  relationship  between  log  %. 
(or  log  p  ,  where  p  is  the  pressure  of  tho  decomposition  products) 
and  log  T  .  The  i*esults  obtained  by  BAI2>I  for  the  period  of  auto- 

acceleration  of  the  decomposition  reaction  of  BalT^  (Fig*  22)  show  that 
tills  condition  holds  only  up  to  a 
kno\in  limit.  Later  there  occurs  a 

dearly  expressed  ir.c  ’  U  in  the  i 

,  -  / 
growiih  of  log  p  cci,...ii-.  _  ..og  '  / 

,  This  is  easily  Gxplainc.;.  if  !  / 

it  is  supposed  that  nex/  inini.:.'.  i 


centres  of  reaction  fora  and  d>^-.clop, 
which  soco..;  aero  likely  than  that  the 
number  of  .nitial  centres  remain  un- 


ch. .  ed  V.  _•  the  whole  coxireo  of  the 
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Fig.  22,  Decoiiposition  of 
barium  aside  at  i55'^C, 
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reaction. 


The  period  of  auto-aceeleretion  of  the  thermal  decomposition  of  some 
0:qiloslves,  according  to  SEMENOV,  proceeds  according  to  a  chain  mechanism 
thanks  to  the  regeneration  during  the  reaction  of  aotive  Intemediate 
products  of  decomposition.  It  was  shown  that  the  processes  of  ignition 
and  combustion  of  many  gaseous  systems  do  Indeed  proceed  according  to  this 
mechanism  (see  Chapter  X). 

In  the  opinion  of  some  investigators,  the  development  of  chain 
raaotiona  can  also  occur  during  the  thermal  decomposition  of  condensed 
ezploslves.  Thtti7~  hhcording  to  APIN,  the  pre-aiqploslon  rate  increase  of 
the  thermal  decomposition  of  lead  azide  proceeds  according  to  a  chain 
meehauiau.  The  rate  of  the  process  is  expressed  by  the  relation 

o  =  .i4  e^, 

whilst  ^  B 

(j)  =  Ca 

where  T  is  the  temperature  and  E  is  the  activation  energy. 

GRAY  and  YOFFS  on  the  basis  of  the  results  of  their  eacperdments  oame 
to  the  conclusion  that  the  thermal  decomposition  of  zoethylnitrate  and 
etbylnltrate,  preceding  their  ignition  and  explosion,  occurs  according  to 
a  thexnal-chain  mechanism  and  proceeds  in  the  vapour  phase.  In  the  given 
case  the  acceleration  of  the  reaction  is  pi^-rtially  ocnnected  with  self¬ 
heating,  duo  to  the  formation  of  rapidly  br  anching  c-virs  during  the  course 
of  the  reaction  (see  Chapter  X). 

According  to  PHILLIPS,  the  first  stage  in  the  decomposition  of 
alkylnltrates  is  connected  with  the  foioation  of  a  free  radical  and  of 
nitrogen  peroxide  and  is  assumed  to  occur  according  to  the  following 

10^ 


meohanlDm: 


RCHjONOj  RCHjO  -f  NOj, 

RCHjO-f-RCHaONOj  — *•  RCHjOH -fRCHONOa, 

RCHONOa  — >  RCHO  +  NOj. 

Later  ozLdlzlrxg-reducing  reactions  follow  between  these  products  with  the 
formation  of  such  gases  as  NO,  CO,  etc. 

Temperature  has  an  exceptionally  large  Influenre  on  the  rate  of 
chemical  reactions.  Because  change  in  temperature  has  a  comparatively 
small  effect  on  concentration,  then  in  the  chemical  Idnetie  equation 

v=^kCxCi...  (where  C|,  Ca, ...  are  the  corresponding  con- 

3(Uitrations )  uue  sxleou  cf  temperature  on  reaction  rate  practically  reduces 
to  its  effect  on  the  rate  constant  k  . 

For  an  appro^dmate  estimate  of  the  effect  of  temperature  on  reaction 
rate  in  a  comparatively  small  temperature  range,  it  is  possible  to  use 
the  temperature  ral;e  coefficient  ,  giving  the  magnitude 

of  the  rate  constant  on  increasing  the  temperature  by  10^. 

Experimental  data  show  that  on  increasing  the  temperature  by  10^  the 
reaction  rate  for  typical  e:q>lo8ives  increases  2-4  times*  This  means  that 
on  increasing  the  temperature  by  100°  the  rates  of  the  chemical  reactions 
increase  by  2^®  -  4^®  times.  The  data  given  above  caa^-*  te  be  true  for 
temperatures  approaching  the  explosion  temperature. 

According  to  BOBEHTSON,  the  deeomposi'Cj.on  rate  of  nitroglycerine  (on 
heating  iu  in  a  stream  of  carbon  dioxide)  changes  with  increase  in 
temperature  as  given  in  Table  27  (the  average  value  of  the  temperature 
coefficient  is  4.0). 


Table  27 


The  decomposition  of  nitpoglveerlne  at  various  temperatures. 


t8Bp«rat\»r«,  *0 

fiuantlty  of 
altrosen  sTolvad 
ia 

(after  I5  ain) 

rBoparc^^urii  ooef*- 
fic;  -it  of 
reaction  rate 
(by  10*  steps) 

90 

0.010 

too 

0.044 

4,4 

no 

0.20 

4.5 

120 

3.7 

130 

.2,72 

3.7 

135 

4.87 

3,5 

For  the  sema  temperaturea  the  decomposition  rate  of  various  explosivaa 
is  different.  Thus,  the  deoompositlon  rate  of  nitroglycerine  is  approxi¬ 
mately  10  times  higher  than  that  of  pyroxylin,  but  the  deoompositlon  rate 
of  Trotyl  in  its  turn  is  many  times  less  than  the  deoompositlon  rate  of 
pyrov^Q  • 

A  series  of  data  oharaotsrislng  the  thermal  stability  of  some 
explosives  is  given  in  Tables  28-30. 

The  variation  of  reaction  rate  with  temperature  is  determined  from 
ABI^EBNIUS  '-s  equation 


k^Ze~\ 


(12.6) 


According  to  ABRHENIUS,  by  no  means  all  the  molecules  can  take  part 
in  the  reaction,  but  only  the  active  molecules  vilth  energy  exceeding  some 
magnitude  E  characteristic  for  the  given  reaction.  The  magnitude  £ 
is  known  as  the  energy  of  activation.  The  factor  characterizes 

the  relative  number  of  active  molecules. 


For  blmolecular  reactions  the  magnitude  Z  is  proportioisal  to  the 
number  of  collisions  per  second.  For  monomolecular  reactions  Z  is  a 
constant  proportional  to  the  probability  of  decomposition  of  the  molecules. 
It  must  be  noted  that  the  factor  Z 
is  a  constant  magnitude  only  to  a 
first  approximation.  In  fact  the 
magnitude  Z  does  vary  slightly 
with  temperature. 

The  estimation  of  the  values 
E  and  Z  are  carried  out 
analytically  or  gra^Mcally  based 
on  the  investigations  of  reaction 
rates  at  various  temperatujnss. 

The  gra^Shloal  cozmeotion  between  In  k  and  the  reciprocal  of  the 
temperatture  is  expressed  by  a  straight  line  (Fig.  23).  The  tangent  of  the 
angle  between  this  line  and  the  abscissa  axis  is  detenained  by  the  magnitude 
,  and  the  intercept  on  the  ordinate  axis  gives  In  Z  .  By  this 
means  the  values  E  and  Z  ■  may  be  determined  for  many  reactions  of  the 
thermal  decomposition  of  explosives  following  a  monomoleoular  law. 

For  the  determination  of  the  activation  energy  £  ,  as  has  already 
been  stated,  data  are  frequently  used  eonoemlng  the  ignition  time  legs, 
starting  from  the  relationship 

,  E 

Using  this  method  BAUM  found  that  the  decomposition  process  of  asides 
at  temperatures  corresponding  to  explosion  conditions  is  characterized  by 
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Fig.  23.  The  variation  of  the 
reaction  rate  constant  with 
temperature. 


two  extremely  different  stages  of  development  which  have  a  definite 
temperature  boundary.  For  each  of  these  stages,  as  can  be  seen  from  Fig. 
24,  the  variation  between  In  t  and  has  a  linear  character.  If  we 

start  from  the  lower  straight  lines  which  determine  the  decomposition 
process  at  higher  temperatures,  then  for  the  activation  energy  E  of 
the  Corresponding  azides  we  obtain  the  following  values s 


Farmula  of  azide. 

PbX, 

AgN, 

BaN, 

SrN, 

£,  eal/Bolo  ....... 

Teaperature  ra^a,  *C 

:26  00U 
330-CS0 

23  400 
230—250 

18500 

310-320 

10  500 
270 

If  we  start  firom  the  upper  straight  lines  corresponding  to  lover 
temperatures,  then. we  find  that  the  activation  energy  of  FbN^  equals 
51,000  cal/fflole  and  that  of  equals  33»500  cal/nola.  According  to 


Ffg.  24.  The  variation  of  the  ignition  time  lag  with  temperature  for 
some  azides. 


APIH’s  data,  the  activation  energy  of  lead  azide  equals  50,000  -  55,000 
cal/mole  which  agrees  with  the  results  given  above. 

The  variation  of  activation  energy  with  temperature  occxars  not  only 
for  azides  but  also  for 'other  explosives,  whi.eh  is,  of  course,  ea^jlained 
by  the  change  in  character  of  the  course  of  the  decomposition  reaction  with 
temperature.  Thus,  it  has  been  established  by  SAPOZHIUKOV  that  the 
composition  of  the  decomposition  products  of  pyroxylin  changes  with  change 
in  the  temperature  of  the  reaction.  The  change  in  the  kinetic  constants 
for  nitroglycerine  and  pyroxylin  is  given  in  Table  28  from  the  data  of 
ROGZNSKI  and  other  authors. 

Table  28. 

The  kinetic  constants  of  nitroglycerine  and  tvroxvlin. 


’■ 

SulJstftsoi 

Tomparaturo 
lUigt,  *C 

kaergy  of> 
aatlvatloii’£^ 
oal/Kiile 

log  z 

lfitroglyo«rla« . 

00-125 

18.0 

125-160 

23.5 

H  ^  , . 

150—100 

48000 

'PyTOjylin  (.1%  ziitrogen} . 

90—135 

44  000 

21.0 

'Ditto  . 

140—155 

48000 

H  .  *  *  *  • 

155-175 

66  000 

24.0 

The  values  of  E  and  log  Z  for  some  axpDoslves,  obtaliwd  iiMlst 
investigating  the  k'lLnetios  of  slow  thamal  decomposition,  are  given  in 
Table  29. 

In  recent  years  ROBSETSON  investigated  the  thermal  decomposition  of 
a  nimiber  of  high  explosives  at  temperatures  close  to  the  explosion 
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Table  29 


Kinetic  oonatantg  for  some  exploslvea 


Kase  of  exploaiVe 

c&'l/mpj.a 

log/ 

Trotyl  . 

Pierio  acid  , 

Mercury  fulaiiute . 

53  000 

58  000 

25  400 

19,0 

22.5 

11.0 

temperatures  and  established  the  ziature  of  the  decomposition  and  kinetic 


constants  for  them  (Table  30). 


feble_25. 


Decomposition  rate  oonatanta  for  some  emploaivea 


Haae  of  exploalre 

Teaperature 
range,  *C 

Reaction  rate. 
Donatant  k  , 
. liQ-l  . 

PSTM . • . 

Ethylecedlamlno . 

limaiiiua  nitrate . 

Ethylenedlnitraaine .  .  .  . 
letryl  . . 

193—222 

230-357 

243—361 

184-254 

Ujis.ij-aneoo/ST’ 

Kno\tdng  the  reaction  rate  oonstant,  it  is  possible  to  caloulate  the 
time  dmung  vMoh  a  definite  portion  of  the  substance  decomposes  at  a 
given  temperature.  As  an  example  wo  will  consider  the  decomposition  period 
of  Vf,  nitroglycerine  at  a  temperature  of  90^0.  Using  the  data  of  Table  28, 

//^ 


vns  find  that 


<ief,oo 

=2.38.  10"*  aeo->, 

'*i>t  “  =  ■X~~ — a«e'«;5  toya." 

COPP  and  UBBSLOHDIS  used  this  method  for  estimating  the  temperature  of 
short>ll7ed  localised  fool  of  explosion  ("hot  spots"),  arising  under 
conditions  of  impact  and  friction,  extrapolating  the  oalotilatlon  beyond . 
the  temperature  limits  at  which  the  kinetic  eharaoterlstlos  (  E  and  Z  } 
of  the  corresponding  explosives  had  been  determined. 

Some  results  of  the  calculations  for  PilTN  showing  the  portion  a  of 
decomposed  e^losive  for  various  intervals  of  time  and  various  temperatures 
are  given  in  Table  31. 

The  thermal  decomposition  of  PBTN 


Ttapersture, 

c 

Portion  of  doooapottd  PETH 

t-rlO"”  8<0 

>«o 

,_10-‘»io 

227 

0.0003 

0,0001 

0 

327 

0.47 

0.27 

0.006 

-127 

~^1.0 

~1.0 

0.S2 

All 

1,0 

~  1.0 

~1.0 

Because  the  centres  of  heating  continue  to  exist  for  10'^  to  ICT^  sec, 
then  in  order  to  complete  the  reaction  in  them  tes^ratures  of  the  order 
430  -  480*^0  are  necessary,  which  agrees  well  with  the  values  found 
experimentally  by  BOWDSN  and  GURTON.  We  note,  however,  that  suoh  extra> 

f// 


polationa,  especially  for  very  high  tempej^tures,  are  not  sufficiently 
reliable . 

In  kinetic  calculations  it  can  also  be  taken  into  account  that  for  a 
number  of  e;Q)losives  theimal  decomposition  is  only  one  of  the  component 
elements  of  the  complicated  process  of  decompo.  .tion.  ThuS|  under  the 
conditions  of  storage  of  powders  and  celltdose  nitrates,  the  process  of 
hydrolytic  decomposition  must  be  considered  to  no  less  an  extent  than  the 
process  of  purely  thezoal  dedomposltion. 
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Chapter  III 


I  No.  1488c. 


Thamiochemlatrv  of  explosives 
9  13.  General  data. 

In  appralalng  explosives  as  sources  of  ener^  it  is  first  necessary 
to  know  the  quantity  of  energy  evolved  by  unit  mass  In  the  process  of 
transformation,  the  volume  and  composition  of  the  transformation  products 
and  their  temperature.  The  hydrodynamic  theory  of  detonation  and  the 
oomhustlon  theory,  too,  cannot  be  developed  without  a  knowledge  of  these 
characteristics. 

Explosion  processes  are  chemical  processes. 

From  elementary  thermcdyniBBics  it  follows  that  the  change  in  internal 
energy  of  the  system 

where  q,  is  the  heat  evolved  or  absorbed  by  the  system,  A  ijuthe  work 
done  by  the  system. 

It  is  proved  in  hydrodynamics  that 

/!=  r  ptf'O’ 

^  (13.2) 

Thus  it  is  possible  to  establish  the  oonnectio:  vween  the  thenoal 

effect  of  the  reaction  and  the  change  in  internal  .  ...-gy  or  heat  content  i' 
from  basic  pzinolplea.  The  thermal  effect  is  the  name  usually  given  to 
the  quantity  of  heat  evolved  or  absorbed  during  a  reaction.  This  quantity 
of  heat  uciuilly  re'^ers  to  1  g  mol  or  1  kg  of  the  substance. 


In  chsmlsti^'  it  is  usually  aooepted  that  the  thexnal  effects  of  exo¬ 
thermic  reactions  are  positive  and  of  endothermic  are  negative.  Cn  the 
other  hand,  in  using  a  sign  system  in  thermodynamics,  positive  values  are 
assumed  for  the  absorbed  heat  9  and  negative  values  for  evolved  heat. 
To  reconcile  the  two  sign  systems  it  is  appropriate  to  denote  the  thermal 
effects  by  another  letter,  for  example  Q  .  It  is  obvious  that 

For  processes  ooourxlng  at  constant  volume,  A=>0  and 

Q,  =  -A£.  (13.3) 

Here  Q,  is  the  thermal  effect  at  constant  volume. 

If  the  process  ooours  at  constant  pressure,  then 

Ql,  =  —  (^E+p^v)=‘  —  li,  (13.4) 

where  is  the  thermal  effect  at  constant  pressure. 

Thus,  the  thermal  effect  at  constant  volume  equals  the  decrease  in 
internal  energy  of  the  system  and  the  thermal  effect  at  constant  pressure 
eqiaals  the  decrease  in  heat  content  of  the  system. 

The  difference  between  tbs  thermal  effeots  at  constant  volume  and 
constant  pressure  follows  from  e;q>resBlons  (13>3}  and  (13*4)  and  equals 

(13.5) 

In  the  theory  of  escplosives  the  folloiid.ng  theimd.  effects  must  be 
considered:  the  heat  of  formation,  the  heat  of  combustion  of  the  sub¬ 
stances  and  the  heat  of  eiqloslon. 

The  heat  of  formation  is  the  thermal  effect  obtained  during  the 
formation  of  one  gram-mole  of  a  given  compound  fz^m  free  elements  under 
standard  conditions.  Standard  conditions  are  taken  to  be  a  temperature 


of  25°C  and  pressure  of  1  atm*  of  all  the  substances  taking  part  in  the 
reaction  and  the  states  of  aggregation  in  which  they  are  normally  found 
under  these  conditions. 

The  heat  of  combustion  of  a  substance  is  the  quantity  of  heat  evolved 
during  the  combustion  of  the  substance  in  an  oxygen  atmosphere. 

The  heat  of  explosion  is  the  quantity  of  heat  which  is  evolved  during 
the  explosion  of  one  gram-mole  of  e:qplosive;  for  the  purposes  of  comparison 
of  various  explosives  with  one  another,  this  magnitude  usually  refers  to 
1  kg  of  explosive. 

Equation  (13.5)  establishes  in  a  general  fom  the  i^onnection  between 
the  thermal  effects  at  constant  volume  and  at  constant  pressure.  If  'ehs 
reaoting  substances  are  ideal  gases  and  if  the  temperature  up  to  and  after 
the  reaction  remain  the  saae  (Its  Intermediate  changes  have  no  slgnlfioanoa), 
then  equation  (13.5)  oan  be  written  in  the  foUovlug  ways 

Qp »i)  =  Qp  4- /w  («»  — «i)  => 

=»  Qj,  -f- =  Qp  1 .987  A/tT'  osl.'i 

where  v  is  the  volume  of  one  gram-molecule  and  nt  and  ni  are  the 
number  of  moles  at  the  end  and  the  beginning  of  the  process;  as  — ni=>  An. 

If  the  thermal  effect  refers  to  the  temperature  25°C  (29S^S}  and  ia- 
estlmated  in  large  oalories,  then  RT  =  0.592  and 

Q.  =*  Qp + 0-S92  An  ko4i. 

This  important  practloal  relationship  remains  true  when  solid  or 
liquid  substances  take  part  in  the  reaction.  In  this  ease  it  is  possible 
to  neglect  the  chtuige  in  volume  due  to  the  change  in  the  number  of  moles 

*  1  atm  “-760  am.  Hg. 
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of  these  substascea  in  comparison  with  the  change  in  volume  of  the  gaseous 
components  of  the  system,  l.e*  is  the  change  in  the  number  of  moles 

of  the  gaseous  components  of  the  reaction. 

Thus,  for  the  combtistion  reaction  of  the  substance  in  o:<yg6n 

CaH.O,Nd  +  (fl  + 1  - 1)  0,  =  aCO,  +  4  H,0  + 1 N,  +  Q. 

If  the  substance  CaHi,0«Nj.  is  a  solid  and  the  water  <fozned  after 
the  reaction  la  liquid,  then 

.  ,  d  !  ,  b  c\  d  .  c  b 

and 

Q,=  Qp+O.S92(4+-5— 4) 

The  thezoal  effect  depends  on  the  temperature  at  idilch  the  reaction 
takes  place.  The  variation  of  the  thexnal  effect  with  temperature  can  be 
estimated  using  the  arguments  given  above. 

Ve  will  consider,  as  an  example,  the  monomoleoular  decomposition 
reaction  occurring  at  constant  volume  according  to  the  equation 

MN  =  M-|-N. 

For' two  different  initial  temperatures  T|  and  r,  the  thermal 
effects  of  the  reaction  equal  and  Q«'  *  Aooording  to 

(13.3)  Q,=—^E  ,  where  ^E  =  Ev-\-Ev^Ehv  • 

Differentiating  (13.3}  with  respect  to  T  for  c  =  consi  and 
taking  into  account  that  ~{w)  ^ 

oapaoity  at  constant  volume,  we  obtain: 

—  Cviiv)  = 

//^ 


Integrating  the  equation  obtained,  va  find  that 


(13.6) 

If  the  process  ocours  at  const  ,  then,  according  to  (l^,^)  £ 
must  be  replaced  by  i  and  the  heat  oapaolty  at  constant  volume  Is 
replaced  by  the  heat  capacity  at  conrtant  pressure  .(cp)  ,  then 


(13.7) 

These  fozmulaa  can  be  generalised  for  any  reactions  If  Ae  is 
taken  to  mean  the  algebraic  sum  of  the  heat  capacities  which  la  determined 
by  giving  a  minus  algn  to  the  heat  capacity  of  the  st^hstancea  taking  part 
In  the  reaction  and  a  positive  sign  to  the  products  of  the  reaction.  ^ 
the  average  values  of  the  heat  capacities  in  the  temperature  Interval 
Ti  —  7|.  are  used,  then  the  formulae  take  the  form 


and 

Qp=-Qp‘-^p(r»-r,). 

It  is  usually  understood  that  Q/'  and  qJ‘  denote  the 
thermal  effects  at  the  standard  temperat\u«  25^0. 

§  14,  The  oaloulatlon  of  thermal  effects. 

The  basis  of  theimocheiBistiy  Is  Eeas»s  law;  the  thermal  effect  of  a 
reaction  does  not  depend  on  its  course  but  only  on  the  izsitlal  and  final 
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states.  This  lav  was  stated  and  proved  experimentally  by  V.N.  Hess  in 
1840.  The  law  follows  directly  from  elementary  principles  of  thermo¬ 
dynamics. 

The  application  of  Hess's  law  requires  6hat  the  reactions  take  plaoe 
under  identical  conditions  (at  y  =  const'  or  p  =  const)  ) . 

Hess's  lav  on  the  independence  of  the  theimal  effect  from  the  path  of 
the  reaction  permits  the  thermal  effects  of  some  reactions  to  be  calculated 
from  the  thermal  effects  of  other  reactions  which  are  more  accessible  by 
direct  measurements  or  from  data  given  in  thermodynamic  tables. 

For  examplo,  it  is  required  to  determine  the  heat  of  formation  of  an 
explosive  CgHtOoNj  knowing  its  heat  of  combustion  In  oxygen 

CaH»O.Ni  -f-(a  +  4  - 1)  0.  =-  ago.  -f  |  H.0  -f  -J-  N.. 

In  order  to  calculate  the  heat  of  formation  we  consider  three  states 
of  our  system;  the  elements,  the  explosive  and  oxygen,  atui  the  oombustion 
products.  We  xdll  denote  the  thermal  effects  on  transfer  from  one  state 
to  another  by  Qn,  Qu  ciul  Qu  ; 


flC,  |h,(o+4)o„  4n. - j 

CaH,0.N4-h(fl-f-4-|)0,±=| 


L-aCOa.  yH,0, 


Qia 


Q».- 


According  to  Hess's  lav 

Qu = Qu  “t~  Qsn 

Qi,  ,  the  heat  of  formation  of  the  oombustion  products  from  the  elements. 


is  determined  from  tbermoohesiioal  tables  as  the  sm  of  the  heats  of 


foimation  of  (aCOaH-|-HsO)  .  Qis-  ,  if  needed,  la  taken  from  the 
tablea  or  calculated  according  to  the  methoda  considered  below.  Qia.  , 
the  heat  of  formation,  is  eatlmated  thus: 

Qij  =  Qu  ~  Qm- 

The  heat  of  explosive  tiransfoxmation  is  calculated  from  the  known 
heat  of  fomatibn  and  the  reaction  of  explosive  transfomation  as  the 
difference  between  the  heat  of  formation  of  the  explosion  products  from 
the  elements  and  the  heat  of  formation  of'  the  explosive. 

For  the  calculation  it  is  necessary  to  use  consistent  quantities,  i.e. 

Qn  or  Qp  ,  converting  them  where  necassarj'  according  to  the 
expression 

Q*  "  Qp  4“ 

In  thezmodynamlo  tables  the  magnitudes  of  A/  <=>  —  Qp  are  usually 
given.  For  the  heat  of  explosion  the  final  result  is  converted  to  Q,.  . 
This  is  explained  by  the  fact  that  under  praotioal  oondltlons  the  trans¬ 
formation  is  accompanied  by  a  sharp  increase  in  pressure  and  relatively 
small  ohauge  in  volume,  slnoe  the  free  expansion  of  the  products  formed 
during  explosion  and  ooaibustlon  is  prevented  by  the  casings  (gun  barrel, 
manometrio  bomb,  calorimetrlo  bomb).  In  the  ease  of  detonation  the 
formation  of  explosion  products  proceeds  at  such  a  rate  that  in  practice 
the  explosion  products  are  formed  in  a  volume  almost  the  same  as  the 
of  the  explosive  oharge,  even  in  the  ease  when  the  charge  is  not  installed 
la  a  casing. 

The  heat  of  explosive  transformation,  which  is  one  of  the  basic 
charaoteristics  of  an  explosive,  can  be  determined  directly  by  experimental 
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means  (oalorimetrio  maasurements,  the  acciiraoy  of  which,  today  is  within 

O.lf.). 

In  addition,  the  heat  of  explosion  can  also  be  calculated  theoret- 
cally  if  the  composition  of  the  explosion  products  is  known,  which, 

strictly  speaking,  is  defined  not  only  by  the  properties  of  the  explosive _ 

but  also  by  the  characteristics  of  the  charge  and  the  given  conditions. 

This  problem  will  be  considered  in  detail  in  the  next  chapter. 

Calculation  must  be  used  when  it  is  Impossible  to  detetnine  the  heat 
of  explosion  experimentally  or  when  it  is  required  to  make  a  preliminary 
theoretical  estimate  of  an  explosive  or  e:q>lo8ive  system  vMoh  has  not  yet 
been  synthesised. 

The  basic  dlfflo\ilty  in  the  calculations  is  the  absence  of  reliable 
data  on  the  heats  of  formation  of  ej^loslves.  However,  this  difficulty 
can  also  be  avoided,  since  modem  thermochemistry  gives  the  means  of 
calculating  these  data  if  the  molecular  structure  of  the  substance  is 
known. 

Comparison  of  the  heats  of  formation  or  beats  of  dissociation  of 
various  compomds  reveals  that  it  is  possible  to  attribute  a  definite 
energy  to  every  bond,  which  remains  more  or  less  constant  for  any  compound. 
The  sum  of  these  bond  ex^ergiea  is  approximately  equal  to  the  energy  of 
fozmatlons  of  moleoulea  of  compounds  made  from  free  atoms. 

In  Table  32  the  average  values  of  the  bond  energies  are  given, 
obtained  by  YA.K.  SYHKIN  as  a  result  of  comparing  the  ec^rimental  thermo- 
dynamic  data  for  a  large  number  and  variety  of  compounds. 


Table  ^2. 


The  energy  of  o.  oovalent  bond 


Bond 


Enorgy,. 

kcal 


Bond 


Znorgy, 

koal 


H— H . 

C— H . 

C~C . 

C=C . .  . 

G=C  (aoetylono)  ■ 
O-K  .  .  .  .  .  . 
0—0 
0=0 


106,2 
85,56 
62,77 
101,16 
128,15 
110  ■ 
35 
117 


C— 0(nlca^la  ud  (thars)  75 
C=0(ald8hydefl)'  .  .  .  ISO 
0=0  (kotonoa)  ....  156 

C=0  (CH,0) .  U4 

Cif  (HCOOH)  .  .  348 

^OH 

C<  (othar  aoida}'.  360 
^OH 


C— N  . . 

C=N . ■ . 

N— N . 

. 

N=N . 

N-H  (NH,) . 

N— O . .  . 

N=0 . 

. 

^0" 

C — 0 — NOa  (nltrataa), 
C— NOa  (nitro-' 

ooBDounda)  .  . 

N-NO,.;  .  V.  .  .  .  , 


327 

53,5 

84 

27 

80  ■ 
170 
83,3 
61 

.  103 

169<£<186 

~312 

.<.>240 

~231 


All  these  values  refer  to  standard  temperature  and  apply  only  to 
covalent  bonds  which  usually  exist  In  organic  compounds.  With  their  help, 
it  is  easy  to  detexislne  not  only  the  heats  of  formation  of  organic 
compounds  from  free  atoms  but  also  the  heat  of  formation  from  elements  to 
the  standard  state  (from  solid  graphite,  gaseous  H2,  N2,  O2  eto.),  the 
heat  of  combustion  and  the  heat  of  the  chemical  reactions.  The  heats  of 
formation  are  calculated  for  the  gaseous  state. 

It  should  be  mentioned,  however,  that  the  additivity  of  the  bond 
energies  does  not  always  hold.  This  is  stipulated  by  the  structure  of 
the  substance.  Because  of  this  the  heats  of  formation  obtained  by  summing 
the  bond  energies  sometimes  differ  from  those  established  ejiqserimentally. 
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Thus,  for  example,  the  energy  of  formation  of  a  branched  hydrocarbon  is 
somewhat  highr  .>an  that  of  the  correspond. ng  normal  hydrocarbon. 

The  isomeric  effect,  i.e.  the  increase  in  energy  with  branching,  holds 
not  only  for  hydrocarbons  but  also  for  compounds  of  other  classes  (alcohols, 
ethers,  ketones,  etc  .  Thus,  the  heat  content  A/  during  transfer  from 
normal  pentane  to  tetramethylmethane  decreases  by  approximately  5  kcal, 
since  the  heat  of  formation  of  tetrsmethylmethane  is  5  kcal/mole  greater 
than  that  of  normal  pentane. 

We  will  evaluate,  as  an  example,  the  heat  of  formation  of  FETN  and 
Hexogen,  using  the  data  given  in  Table  32. 

1.  Pantaarythritol  tetranitrate  (PETN) 


CHaONOj 

CaNOHjC-i-CHaONO, 

(!:h,onc, 


The  heat  of  formation  of  this  explosive  from  the  atoms  equals 

4x.62.77  “1“  8  *85.56 -f*  ^  2183.6  koai/noi*. 

To  determine  the  heats  of  formation  from  the  elements  it  is  necesisary  to 

determine  the  heat  of  sublimation  of  5  carbon  atoms  (-123  kcal/g  atom), 

the  heat  of  dissociation  of  two  nitrogen  mole exiles,  six  oxygen  molecules 

and  four  hydrogen  molecules.  Using  the  data  of  Table  32,  we  find  that: 

for  5C  heat  of  sublfmatloa  tquals  5x'125  —625  kcal, 

for'  4Ii3  heat  of  dlfsooiatioa  equals  4x102,6  —  410.4  koal, 

for  2Hj  II  »  "  K  2x170  =340  koal. 

for.  60,  »  •  •  •  6x117  =  702  koal'. 

27  =  2077*4  kcalit 
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The  heat  of  foxtaation  of  PETK  from  the  elements  equals; 

Qu  =  Qfof«-  S  q  ==2183.6  —  2077.4  =  106.2  .Iceal/nole. 

If,  however,  analogously  to  tetramethylmethane  it  is  taken  Into  account 
that  the  correction  for  the  isomeric-  effect  equals  5  koal,  then  finally 
we  obtain  »  111  kcal/mole.  According  to  experimental  data  the  heat 

of  fozmatlon  of  P£TN  equals  122.4  kcal/mole. 

2.  Hexogen 


/  \ 

.\N-N  N-NOj 

Hai  CH, 

Aoa 

The  heat  of  fozmatlon  from  the  atoms  equals 

Qfor^  ®  231  =  1527»4  koal/nol*t 

2<7  =  3.x  125-1-3*  170  +  3*  1174-3 1 102.6  =  1543.8  kwd. 

The  heat  of  formation  from  the  elements 

Q,(  =  Qfora —  1527.5  1543.8  =  —  16.4  kcAi/nola 

The  experimental  value  of  the  heat  of  formation  of  Hexogen  equals 

Q,  =  —  20.9  kcal/aol». 

The  divergence  between  the  calculated  and  experimental  data  is  some¬ 
what  changed  if  the  heats  of  vaporization  and  condensation  of  these 


explosives  are  taken  into  accoimt. 


More  jourate  values  Tor  the  heats  of  foimation  can  he  calculated 
from  the  'estimated  heat  of  combustion.  The  la'otar  is  calculated  (at 
constant  pi'ossure)  by  KHAHASCH's  method,  developed  by  KASATKIM,  PLANOVSKIY 
and  KUL'BAKfl. 

By  considering  any  organic  compound  such  as  a  hydrocarbon,  in  which 
some  of  the  hydrogen  atoms  are  replaced  by  other  atoms  and  groups  of 
atoms,  and  by  considering  the  heat  of  combustion  as  a  function  of  the 
number  of  electrons  moving  during  combustion  from  the  carbon  and  hydrogen 
atoms  to  the  oxygen  atoms,  KHABASCH  derived  the  relationship 

(14.1) 

for  liquid  organic  compounds,  where  26.05  koal/mole  electron  is  the  heat 
of  scission  of  the  bonds  C-C  and  C>H  and  of  the  subsequent  foxnatlo.n  of 
CO^  and  H2O;  4i4  +  ^  is  the  number  of  removable  electrons  for  normal 
paraffins  (  A  and  B  are  the  numbers  of  carbpn  and  hydrogen  atoms  in 
the  molecule);  p  is  the  number  of  migrated  electrons  In  a  molecule  of 
the  substance  (the  migrated  electrons  are  the  electrons  of  the  hydrogen 
and  carbon  atoms  linked  with  the  oxygen);  kt,  is  the  number  of  the 
same  substituents  in  the  molecule  and  is  the  corresponding 

correction  factor  for  the  given  substituent,  taking  into  account  the  change 
in  the  electron  structure  in  nsrsnl  due  to  the  polarization  of 

the  bonds  caused  by  the  introduction  of  the  substituent. 

The  sign  of  A<  is  detezmined  by  the  direction  of  the  migration 
of  electrons  on  Introducing  the  substituent.  It  is  negative  for  the 
transfer  of  electrons  from  the  carbon  atozos  (corresponding  to  a  decrease 

/Zt 


in  energy  of  the  molecule)  and  positive  for  movement  in  the  reverse 
direction. 

Equation  (14.1)  holds  on  the  assumption  that  the  action  of  the 
substituent  newly  introduced  into  the  molecule  does  not  vary  with  the 
presence  of  other  substituents,  i.e.  if  the  mutual  effect  of  the  atoms  in 
the  molecule  is  neglected.  This  assmption,  however,  does  not  lead  to  a 
large  error  in  the  estimate  of  the  heat  of  oombustion,  since  the  importance 
of  the  tei-m  is  comparatively  small. 

The  values  of  the  heat  correction  factors  are  given  in  Table  33. 


Heat  correction  factors 


Table  33 


of  grouping,  subitltuonta  and  bonda 

t,.  Icoal 

Katont  group  in  aliphatic  (aronatlo)  coapoimda  vl/— CO  —  >4/; 
orlaary  aronatlc  aainta  vlr  Nl  1;  i  aaooDdary  aliphaitio 
alcohols;  nitraalne  group- N'—N’Oj . . 

6.S 

bond  bstve'en  aronatlo  radicals;  otKylens  bond  in  the  oloasd 
oyclo;  chlorine  in  aronatlc  ooupounds . 

-  6,5 

Bond  botvaan  aroaatie  radioals 'and  hydroxyl  group  ArOU; 
tertiary  aliphatic  alcohols,  ...  ,  .  . 

3,5 

Bond  betwssn  aroaatie  and  alipbatlo 'radicals  Ar  —  Al  •,  bond, 
betvasn  arbaat'lo  aaine  and  aronatlo  (aliphatio)  radioal 

Ar  —  .N'  —  Ar^ .  . .  .  .  .  ■ 

-  3.5 

Secondary  aliphatic  aainss  A!  —  ,\l  i  —  A!‘,  tertiary 

Broaatjo  aaines  N:  ’  aliphatio  and  aroaatie ,  others 

Al-0~Al  . . . . 

15.5 

Priaaty  aliphatio  aainss  /I/  — .NHj  ;  pnnary  aliphatio 
^loohola,  aac'on'dary  aroaatio  aaihaa  (/tr).  \M 

13 

jUlphatlo  fistfirs.  ,  . . .  .  s  .  . 

16.5 

Hltrogroup  in  aliphatio  and  aroaatio  ooapdunda 

Al  -  .S'Oj . 

—  13 

Tertiary  aliphatio  aainss  .  .' . 

26 

a  7 


As  an  sxampla,  we  will  calculate  the  beat  of  oombustion  of  Trotyl 

CeHs(N02)3CH3:  /4  =  7,  3  —  5,  fi  —  0  ,  correction  factors:  Ai  3,5 
(bond  Ar  —  Al  )  and  A2  =  — 13  (/^rNOj). 

26.05  (4^7  -|-S)  -[-( — 3,5  —  3  x  13)  =  817.5  koal/noX*, 

which  approxdjsates  to  the  axiperimantal  data  (S17.1  koal/mole). 

For  all  thermo che2ii cal  calculations  it  is  important  to  know  the 
thermal  effects  of  as  large  a  number  of  elementary  reactions  as  possible. 

The  heats  of  such  reactions  are  given  in  thermo chemical  ta'bles.  In  these 
tablesj  data  is  given  on  the  thermal  effects  at  constant  pressure  referred 
to  standard  temperature.  All  the  substances  taking  part  in  the  reaction 
are  assumed  to  be  in  the  states  in  which  they  usually  exist  under  standard 
conditions. 

For  some  substanoes  the  heats  of  formation  are  also  given  in  a 
physical  state  in  which  they  cannot  exist  under  standard  conditions.  Thus, 
for  example,  the  heats  of  formation  of  water  are  given  for  the  liquid  and 
gaseous  states,  whilst  water  at  a  tomperatxire  of  is  a  liquid  with 
vapour  pressure  23.8mm  Hg.  Therefore,  the  given  heat  of  formation  of 
gaseous  water  Implies  only  that  so  much  heat  would  be  evolved  in  the  gaseous 
state  under  given  conditions. 

More  complete  thermo chemical  tables  of  the  heats  of  formation  can  be 
found  in  hand-books  of  physico-chemical  constants. 

The  tables  presented  hero  (Tables  34  and  3$)  give  only  the  heats  of 
formation  of  the  more  important  compounds  and  explosives. 

Numerical  values  of  the  heats  of  explosion  of  the  various  explosives 
are  often  taken  to  be  completely  definite  and  xmchangeable  characteristics 


Heats  of  formation  (Qj  for  standard  state 3 


Subotanss 

Heat  of 
.fornation 
kcal/Bola 

State  of 
aggregation 

H, . 

0 

Oas 

H . 

-51.8 

• 

Oj . . 

0 

Oa . 

33.83 

> 

0  ,  . . . . 

—  58.5 

0 

Solid 

0 

N . 

—  8.5.0 

» 

S  rhoabio  . . . 

0 

Solid 

H50 . 

67.801 

Gaa 

HjO . 

68.318 

Liquid 

HaO, . 

HCN .  . 

44.87 
—  32.9 

Oaa 

» 

NH.1 . 

11.04 

>  i 

i\'iO . 

— 19,65 

> 

NO . 

—  21.60 

> 

NOi . 

—  7.8S 

> 

NaOj  I  «  . 

HN03  «  .  «  .  . . . 

—  3.1 

41.5 

Liquid 

KNO„  ,  .  . 

118.1 

Solid 

NaNOj . 

111.7 

» 

NHjNO,  .  . . • . 

87,4 

> 

KCIO. . 

NaClO, . 

93.2 

83.6 

> 

KCIO, . 

NnCIO. . 

NaClO.  . 

AIA . 

104.5 

93.0 

70.2 

> 

> 

393.3 

> 

Po,Oa . 

265.7 

» 

PcjOj  . . 

198,5 

38.2 

> 

145.8 

26.393 

1 

Ou 

COj . 

94.1)3 

> 

CHj  Bethan. . 

C^Hu  athane* . . 

17,87 

> 

20.19 

> 

propona . 

24.75 

C4H10  butano  . . ' . 

29.7 

» 

Q.Hij  pentan. . 

34.7 

QHu  ha*ane' . 

40.0 

» 

CjHia  heptane . 

45.4 

octaaa  . . 

.52.7 

—  12., 56 

» 

C^H2  acetylana . 

—  57.15 

» 

CoHj  b.Kiea. . 

—  11.12 

Solid 

C^Hg  toluene  . 

ChgO  B.thyl  alcohol  .... 

—  1.93 

57.03 

> 

JV 

CjHjOH  ethyl  alcohol  . 

66.35 

, 

> 

Table  36 


Keats  of  formation  of  the  more  important  explosivea  {Qj 


llame  of  exploslva 

Chemical 

formula 

Koleeular 

weight 

%• 

koal/BOle 

Hjrdrtisaia  aoi^  .  ■  .  . 

Lead  azida  . 

Ksrcury  Ailalnat*  .  .  . 
Laad 

trlnltroraaorciiiats.  . 
Cyanurlctri  azide  •  •  • 
Tririltrotriazldnbaazene 
Guanidine  nitrate  .  .  . 

Nltroguanldlne  .  .  . ' . 

Sexogen  . 

Glycol  dlnltrate.  .  .  . 
Clycarine  trinitrate .  . 
Krythrltol  tetraaitrate 
Pentaerythritol 
tetraaitrate  (PSTN).  . 
Hai^tol  hexanitrate.  . 
a  >>  Glnltroboneene .  .  . 

1.3, |-Trlnltrobenzene  . 
2, 4; 6-TriBltroohloro- 

benzene  ....... 

2,d«J}lnitrotoluene  .  . 

2. 4,  £-Trlaltrotolueae 

(Trotyl)  . 

2,4, 6-Tr ini tro-«- 

xylene  . 

Olnltrophonol  . 

Trlnltrophenol  .... 
TrinitrooraaoX  .... 
Trial troreaorelnol 
(atyphnio  aold]  .  . 

Trinltroaniznle  .  .  •  ■ 
Trinitrophenyimethyl' 
nltronlae  (Tetiyl) .  . 

Tetranltrosnillae  .  .  . 
1, 5-Dinlxronaphtbaleno 

1, d-Oinltronapbthalene . 

1 , ^it-Trinltronaphthalen 
Pexanltrodiphez^laalae 
Hitrate  of  trlnltropban} 
glycol  ether  .  , 

dmaonluB  plcrate  .  .  . 
Potaaaiua  plorate  .  .  ■ 

TetranltroDethana  ,  .  . 
Nitrate a  of  oellulose  . 

A 

Hg(OKC), 

C,H  (NOj^iiOsPb'HjO 

CzNi) 

C,(N05)a(N,}s 

HNC  (NHs),  HNO, 
,NH-NOz 
HNCC 

C,H.  (ONO,)* 
C,Hs(0N04, 
C,H,(ONO,)* 

QHfl(N04)5  CMj 

CeH»(NO*)8CH8 

wo- 

CoH(NO,),OH 

C,H  (NO,)aCOH)  CH, 

CeH  (NO,),  (OH), 
CeH,(NO,),OCHj 

c,h,(noo,n/^^* 

TO  )Ke 

C,H,(NO,\OK 

CfNO,), 

M,15%  N 

13,46%  N 

12.35%  N 

11,97%  N 

11,12%  N 

43 

291,3 

264.6 

406." 

336’ 

122 

104 

222 

152 

227 

302 

316 

452 

168 

213 

247i 

162 

227 

24l 

184 

229 

243 

245 

243 

278 

218 

> 

263 

439 

318 

246 

267 

196 

-64.4 
— 107.0 

—  66.4 

199.8 
-222.0 
—  272 

87.5 

18.96 

—  20.9 

54.8 

83,71 

114 

123.1 

106.1 

6.7 

2.3 

-11.1 

15.3 

13.5 

19.2 

53.3 

50.6 

52.7 

102,1 

35.5 

-9.9 

-21.5 

-7.1 

-8.4 

6.9 

-12.3 

61.4 

90 

113 

-11,9 

532  koal/kg 
571  « 

641 

664  •' 

669  " 

rlo 


Table  36 


Heats  of  explosive  tranaforjcation  of  explogivea 


Httae  at  explasivs 

kcal/icg 
(water  ia 
vapour  state] 

Density  of 

char.'je 

S/CB? 

Olycoldlnltrlta  . 

1580 

1.5  ' 

Slyearinatrmitrito . 

N85 

led 

Srythritol  tatranitrate  .  .  . 

IdM 

Pontaorythritol  tatrnaitrat*  . 

1-100 

1.54 

Hoxoaen  . 

1300 

— 

I^annltol  haxanltrats . 

1365 

1.56 

Tetryl  . 

1090 

1.56 

Trlnitrophanol  . 

1030 

1.45 

T.'otyl . 

1010 

1.52 

Dinltrobanaano  .  ... 

870 

1.45 

Morcury  fulnlnata  . 

414 

— 

Lead  aaida  . 

367 

Anaonluo  nltrata  . . .  . 

344 

— 

Szoky  powder  . . . .  , 

OxyllquitB  (abaorbara:  p«at/ vood^  atal| 

665 

1.20 

coal,  aosc)  ....  .r  . 

1600—2000 

.w).0 

Aaaoniua  piaratd<  ....  .  . 

865 

— 

Hltrogelatin  . 

1500 

1.45 

Pyrosyiltt  (13. B)  . 

1040 

1.30 

Table  37 


Heats  of  exploalvo  transformation  of  ammonJ-tee 


1 - 

Mixture  cooposition 

Quantitative 

oonposition, 

koal/kg 
water,  nteau! 

AnnouluEi  nitrate  . .  .  .  *  e  .  a 

100 

344 

4smopiua  nitrate  r  coal  . 

93,0- 

-  7.0 

365 

Acaoniuia  nitrate  e  dinitpobenaene  .... 

83,0- 

-  17,0 

980 

Aanoniun  nitrate  *  dinitrotoluene  .... 

8.i.0  - 

-  15.0 

970 

Aaaoniun  nitrate  +  dinltronaphthalsne  .  ,  , 

87.5- 

-  12,5 

945 

Aaaoniun  nitrate  *  trotyl  .  .  .  «  e  #  ,  . 

79.0- 

-21,0 

1010 

Asuoniun  nitrate  +  trinitrajQrlsne  .... 

82.0- 

-  18,0 

990 

of  each  explosive.  This  is  completely  untrue  since  the  relationship 
between  the  reaction  products  of  an  explosive  transfonnation  depends  only 
to  a  certain  extent  on  the  characteristics  of  the  explosive  charge  but 
mainly  on  the  cooling  conditions.  Because  of  this  the  thermal  effect  of 
the  reaction  also  changes. 

Therefore  the  heat  of  explosion  of  a  given  explosive  is  not  a  constant 
magnitude  and  varies  vdthin  certain  limits.  The  calculated  values  of  the 
heats  of  explosive  transformation  for  a  number  of  explosives  are  given  in 
Table  compilsd  from  various  sources.  Table  37  presents  the  heats  of 
explosive  tronsfezmation  calculated  by  K.K.  SNITKO  for  a  number  of 
ammonium-nitrate  type  explosives.  The  compositions  given  are  calculated 
for  the  complete  coiabuation  of  the  components. 

From  the  data  in  the  tables  it  follows  that  in  the  most  widely  used 
explosives  the  heat  of  explosive  transformation  varies  from  1000  to  1500 
kcalAg* 

§  15.  The  exnarlmantal  determination  of  thermal  effects. 

The  experimental  determination  of  thermal  effects  (heats  of  combustion 
and  explosive  transformation)  Is  carried  out  by  means  of  a  calorimetrlo 
apparatus,  which  consists  basically  of  a  calorimetric  bomb.  The  calori¬ 
metric  bomb  (Fig.  25)  of  the  normal  calorimetric  apparatus  consists  of  a 
container  made  of  nickel  chrome  steel  (stainless  and  acid  proof)  with  a 
capacity  of  about  300  om^,  A  massive  lid  is  fitted  to .the  container 
covering  the  bomb.  Lead  packing  is  used  for  the  neoesfiazy  hermetic 
sealing. 
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Noriiial  bombs  are  used  at  comparatively  lov/  pressui’es  (100-200  atm.  )j 

to  carr  ■  out  exporimonts  at  pressuros 
of  3-4  thousand  atmospheras,  bombs  of 


Fig.  25.  Calorimetric  bomb; 

1  -  container;  2  -  lid; 

3,4  -  contact;  5  -  crucible. 


special  construction  are  used. 

The  second  part  of  the  oaloriaetrio 
apparatus  is  the  calorimeter  itself, 
which  consists  of  a  small  nickel-plated 
brass  calorimetric  tank  and  a  copper 
protective  calorimetric  dish. 

In  the  small  tank  there  is  a  given 
quantity  of  water,  which  is  carefully 
stirred  by  a  propellor  mixer,  which 
guarantees  an  even  temperature.  The 
temperature  of  the  water  in  the  small 
tank  is  measured  by  means  of  an  accurate 
Beckcm  m  thermometer.  The  small  tank  is 
installed  in  the  protective  isothermal 
or  adiabatic  jacket  and  covered  on  the 


top  with  the  lid. 

The  protecting  vessel  is  a  do'i.ibla-a;alled  cylinder  vLth  &  double  bottom. 
The  walls  of  the  vessel  (external  and  internal)  are  polished  which  decreases 
the  absorption  by  the  vessel  of  radiation  energy.  Moreover,  the  space 
between  the  walls  is  filled  with  water.  Because  of  the  fact  that  the  mass 
of  water  is  significant  and  the  walls  are  polished,  the  temperature  of  the 
vessel  is  practically  unchanged  during  the  experiment.  A  general  view  of  a 
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caloriiaetrio  apparatus  vdth  an  Isothermal  jacket  is  given  in  Fig.  26. 

To  dotei’saine  the  quantity  oT  heat  evolved  dux*!;'."  co^i'huetion  or 
explosive  transi'ormation,  a  fow  greias  of  caroTuliy  dried  substance  are 
talcon.  Tills  weighed  portion  is  put  in  a  platinum  or  quarts  crucible,  fitted 
inside  the  bomb.  To  deteimino  the  heat  of  combustion,  oxygen  is  introduced 


Fi,-?.  26.  Calorimetric  apparatus;  1  -  calorimetric  bomb,  2  small 
calorimetric  tank,  3  -  mixer,  4  -  thermometer,  5  -  isothermal  calorl- 
metrlo  jacket. 

into  the  bomb  at  a  pressure  of  25  atm,  and  to  detenriine  the  heat  of 
explosive  transformation  nitrogen  is  Introduced  or  a  vacuum  is  created  at 
a  few  mlllimetros  of  mercury.  Ignition  of  the  substance  is  caused  by  an 
iron  vdre  carrying  an  electric  current. 

The  heat  evolved  in  the  bomb  during  combustion  or  explosion  is  given 
to  the  water,  the  change  in  temperaturs  of  which  is  measured  on  the 


tharaoniatGr.  Tho  quantity  of  heat  evolved  in  the  bonb  ia  consumed  in 
heating  tho  wter  and  the  calorimeter,  i.e. 


Q = f  ( ) = ( ur  -f-  -  fi ) ,  (15.1) 

where  117  is  the  thermal  capacity  of  the  given  water  and  Wo  is  the 
thermal  capacity  of  the  apparatus  ("vro.ter  value"  or  vrater  equivalent) :  Tf 
is  tho  final  and  To  the  initial  temperature  of  the  calorimeter;  117  is 
determined  directly  by  weighing  the  water;  Wq  is  a  constant  for  the 
given  apparatus. 

Tho  water  equivalent  of  the  calorimeter  is  usually  determined  by 
burning  in  the  bomb  a  standard  chemically  pure  substance,  the  heat  of 
combustion  of  which  is  known;  thon  only  tho  value  Wo  is  lufoaown  in  the 
e:g>resaion  (15*1)  aud  this  is  readily  determined  from  tho  experimental 
data.  By  this  method  of  detezmlning  the  water  equivalent  the  effects  of 
various  factors  are  automtioally  considered:  the  work  of  the  mixer,  the 
effect  of  heat  loss  from  the  protruding  parts  of  the  apparatus,  errors  due 
to  tho  change  of  the  heat  capacity  of  water  with  temperature. 

As  standard  substances  use  is  usually  made  of  chemically  pure  benzoic 
or  salicylic  acid,  naphthalene,  camphor  and  others. 

Apart  from  U7  and  Wo  it  is  also  necessary  to  know  the  temperature 

difference  (7f  — T’i)  in  order  to  detennlne  Q  •  is  taken  directly 

from  experiment.  As  regards  ,  due  to  the  heat  radiation  into  the 

surrounding  medium  the  nmlmum  value  on  the  thermometer  is  less  than  the 
maximum  possible  value  of  Tf  (in  tho  case  when  radiation  is  absent)  by 
some  magnitude  AT  ,  AT  ,  known  as  the  radiation  factor,  is  cal- 


culated  from  eayoriiiiental  data. 

1+  should  be  montionod  that  although  by  the  method  described  it  is 
possible  to  datormins  the  heat  of  combustion  in  oxygen  of  all  combus  Is 
substances,  it  is  possible  to  determine  the  heat  of  explosive  transfor¬ 
mation  in  a  nitrogen  atmosphere  or  vacuum  only  for  explosives  which  are 
readily  ignitibbe  by  means  of  an  incandescent  vAre.  ihis  refers  to  such 
explosives  as  pyroxylin,  gunpowder,  niti'oglycerine,  etc.  The  heat  of 
explosion  of  nitroaromatic  explosives  is  determined  by  calciflation  or 
experimentally  in  special  calorimetric  apparatuses  vdth  bombs  of  capacity 
up  to  30  litres.  The  initiation  of  explosive  transformation  is  achieved 
in  this  case  by  means  of  an  electrodetonator. 

b  16.  The  final  terns ra tore  of  an  explosion. 

The  final  temperature  of  an  explosion  naans  the  naximua  temperature 
to  which  the  reaction  products  of  the  explosive  become  heated. 

Up  to  the  present,  the  direct  experimental  determination  of  the  final 
temperature  of  an  explosion  has  been  very  difficult.  The  difficulties  of 
measui’ement  are  due  to  the  facts  that  the  interval  of  time  during  which 
the  maximum  temperature  is  attained  is  extremely  small  and  that  when  the 
maximum  is  attained  the  temperature  of  the  explosion  products  begins  to 
fall  rapidly. 

The  usual  methods  of  measuring  comparatively  low  temperatures  in  which 
the  measuring  appliance  is  placed  in  contaot  with  the  hot  body  cannot  be 
used  for  measuring  high  temperatures.  At  temperatures  above  2000®K  only 
optical  methods  are  suitable  in  practice. 


Tb.o  iiv.vxjssibility  of  sioasi^rin"  thG  fir.;-„l  lor.vpo-;MMu:'u  of  nn  occplocrlon. 

ijy  'u.aO  w**w\A  CUiJ  OW  v*.w  ir  V I  •  •>  ■■•''U  K>A  *■  ...*.». 'v  ‘  •>■  w.-..- 

oi'  the  erplosion.  To  deterair.e  tho  te-vei’dtui’afS  of  e;;plosioi'ii  opw*oui 
pyroKotry  is  used,  since  the  explosion  ia  always  aocorapaniod  by  a  flauh  of 
light. 

This  type  of  experiment  has  been  carried  out  repeatedly  by  numerous 
Investigators  (Mu’PJVODIi,  PATHY,  WOOD).  However  thaeo  axpffiri'irionta  did  not 
give  positive  results.  The  negative  roault  of  these  experimonta  Is  a 

explained  as  being  due  to  the  luminoscenco  which  is  in  fact  produced  by  A 
secondary  p2:;enomena.  r 

Thus,  MURAODS  and  his  co-uoriters  ostalliahed  that  a  ooaaiderable  / 
quantity  of  the  light  during  an  explosion  ie  due  to  the  luuiinescenoe 
the  surrounding  atiosphero  caused  by  the  passage  o,*  >}.  shook  wave 
it.  In  this  case  both  the  continuous  and  the  lino  epootinut  of  WiJ 
substances  entering  into  the  composition- cf  the  sur  rounding  ^tir.^p^g2.0 
produced,  i 

In  1945  ALSIJTSSV,  BELYAEV,  SOBOLEV  and  STSP.4K0\'  dovolopj/  j,  aora 
complete  method  for  the  spoctrosoopio  dotisrmination  of  the  jtuainoscenoe 
temperature  of  the  explosion  of  oxplos.ivois.  Below,  the  m^hod  used  by  •  .use 
authors  and  the  results  obtained  by  thorn  ittro  described  bXjjfgy, 

To  eliminate  the  luminescence  produced  by  a  ohocl:  i^ve  in  the  atmoe- 
phero  and  to  obtain  approximately  vhe  cc:i,dltion3  assunfc-l  during  the 
calculations  (see  below),  explosion  is  produced  in  ai/ aqueous  film.  It 
seems  that  the  luminesoenca  is  centi-ed  Inside  the  in  which  the 

explosive  was  located  before  explosion.  MoreoverY aurfaco  brighw.eBS 
of  the  luminescence  was  quite  unifoim.  k  contin/oug  apootrum  was  obtained. 
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Ml  this  allowed  the  authors  to  suppose  that  under  the  test  conditions 
luraiUQsconco  of  the  incandescent  products  of  explosion  was  obtained  in  the 
iiiitial  space  of  the  charge  and  a  photograph  pensitted  the  aaximusi 
tenperatui'o  to  be  Judged,  since  as  this  decreases  the  brightness  decreases 
rapidly. 

To  detoniiino  the  temperature  a  method  was  chosen  In  vMch  the  relative 
distribution  of  energy  in  the  spectrum  is  measured  at  various  wave  lengths. 

For  explosives  it  has  boen  established  that  during  explosion  they 
emit  a  continuous  spectrum,  i.e.  the  explosion  products  are  heat  emitters. 

The  distribution  of  energy  in  a  spectrum  of  a  gray  body  of  constant 
absorptive  power  a  is  determined  from  the  relationship 

/(X,  r)afX  =  aX“‘C,<?'^^fifX,  C16.1) 

where  /'(X,  T)  is  the  spectral  light  Intensity,  X  is  the  wave 
length,  Ci  and  Cj  are  constants;  Ci  =  2nf®/i  =  3.74x10'  om^  erg/seo, 
C3-=  ~=  1.432  cm.  deg  (  c  is  the  velocity  of  light,  h  La 
Planck's  constant  and  k  is  Boltzmann's  constant),  T  is  the  tempera¬ 
ture. 

Taking  logarithms,  we  obtain 


In/ +5  In  X-)- const  =  — 

Denoting  the  left-hand  aide  of  (16.2)  by  /(X,  T) 


(16.2) 

,  we  obtain; 


/(X, 


(16.3) 


i.e.  for  a  gray  body  there  exists  a  linear  relationship  between  /(X,  7) 


and  -i  .  In  the  co-ordinatos  relationship  (16,3) 

vdll  be  ropresentod  by  a  straight  line  with  the  tangent  of  tho  angle  of 

slope  defining  the  temperature  of  the 
investigated  source  of  light; 

tan  y  =  —  ^ . 

Ib^eriment  confirms  that  the  connection 
batuoen  /(A,,  T)  and  y  for  the 

luminescence  of  an  e:xplosion  is  indeed 
linear.  For  the  construction  of  the  \ 

I 

graph  of  f  (A.,  /)  versus  ^  j 

spectrograms  obtained  were  examined  with  j 

i 

FI.?.  27.  Daterairiation  of  a  miorophotometer.  Values  of  intensity  I 

the  final  temperature  of  an  | 

explosion  for  glycoldinitrate.  were  obtained  by  means  of  a  calibrated  ] 

filament  lamp  with  a  tungsten  filament  at  a  filament  temperature  of  2526°K  | 

through  a  graded  clearing  agent.  The  exposure  time  was  10**^  sec.  I 

\ 

The  results  of  the  treatment  of  one  of  the  photographs  are  given  in  1 

j 

Fig.  27  for  glycoldinitrate.  | 

•n 

It  was  established  first  of  all  that  the  form  of  the  light  density  | 

»  I 

curves  for  the  plates  used  for  an  exposure  of  sec  or  less  does  not  | 

I; 

■.1 

depend  on  the  exposure.  ;| 

The  temperature  determined  in  this  way  Is  the  colour  temperature.  For  i 

bodies  the  emission  of  which  is  not  selective  (black  or  gray  bodies),  this  i 

coincides  with  the  actual  temperature  of  the  body.  For  the  majority  of 
metals  and  their  oxides  which  display  some  selectivity  of  emission,  the 
colour  temperature  is  somewhat  higher  than  the  actual  temperature  and 

i 


temperature  of  the  luminescenoe  vdth  Increase  in  the  density  of  the 
explosive  powders.  The  extremely  high  temperatures  obtained  at  small 
charge  densities  should  be  regarded  as  due  to  the  IvurJLne sconce  of  tha 
bubbles  of  air  compressed  by  the  explosion  to  very  high  pressures. 

PATERSON  exploded  charges  of  alternate  layers  of  table  salt  and  a 
very  dense  plastic  explosive  In  water.  It  was  shown  that  the  explosive 
with'  almost  completely  expelled  air  emits  only  a  little  light  during 
detonation  but  from  the  layer  of  salt  intense  light  is  emitted  d’iring  the 
passage  of  the  shock  wave  (luminescence  of  compressed  sir  bubbles). 

HEMING  showed  that  during  the  explosion  of  charges  of  explosive  powders 
the  luminesoence  changes  depending  on  the  nature  of  the  gas  filling  the 
spaces  between  tha  granules. 

The  data  of  Table  38  show  that  the  final  temperature  of  e^^loslon  of 
liquid  explosives,  for  whioh  the  test  conditions  exclude  the  lisalnescence 
temperature  of  the  eurroundlng  medium  and  the  bubbles  of  gas,  Is  consider¬ 
ably  lower  than  the  calculated  value.  The  latter  is  determined  on  the 
assumption  that  the  course  of  the  explosion  process  ia  adlabetic. 

For  the  calculation  it  is  assumed  that  all  the  energy  of  the 
explosion  is  thezml  energy,  iMlst  the  theoretical  considerations  developed 
by  LANDAU  and  STANYUKOVITCH  show  that  for  condensed  explosives  part  of  the 
pressure  should  not  depend  on  the  temperatwe  but  should  be  determined  by 
the  elastic  resisting  forces.  From  this  it  follows  that  tha  greater  the 
initial  density  of  the  explosive  charge,  then  the  greater  should  be  the 
portion  of  the  energy  of  the  explosion  converted  into  energy  of  elastic 
deformation.  Consequently,  the  higher  the  charge  density  of  the  given 
explosive,  then  the  lower  should  be  the  temperature  of  the  detonation 


differs  from  it  by  some  tens  of  degrees. 

The*  average  values  of  the  temperature,  each  obtained  from  several 
photographs,  ai*e  given  in  Table  33. 

Table  38 

The  final  temperature  of  explosion  of  some  llould  explosives 


ExploalTc 

Dasslty 

g/aa3 

r.*K 

(axp.) 

r,*K 

(oalo.) 

MeMiylnltrat* . . 

1.21 

3050  . 

4560 

Qlycerlna  trinitrata  . 

1,60 

3150 

4.620 

OlyaaldJLal'trata . . . 

1.50 

3160 

4700 

The  authors  raokon  that  the  temperatures  are  determined  within  an 
aoouracy  of  +  100^.  Aocuracy  of  the. .method  used  in  determining  the  final 
temperature  of  the  explosion  would  be  necessary  in  a  more  detailed 
investigation  to  establish  the  degree  of  oorrespondisnoe  between  the 
radiation  of  ejqploslon  products  and  the  radiation  of  an  absolutely  black 
body. 

Attempts  to  use  this  method  to  determine  the  temperature  of  an 
explosion  of  explosive  powders  were  unsuccessful.  Thus,  for  PSTN  for  a 
charge  density  of  0.9  g/cm^  the  temperature  was  equal  to  6650%,  i.e. 
considerably  greater  than  the  ealoul,ated  value.  Increasing  the  charge 
density  to  1.1  g/csa?  decreased  the  temperature  to  5750°K.  For  still  greater 
densities  (1.60  e/aa?)  the  brightness  of  the  flash  decreased  so  that  the 
spectrograms  obtained  on  specially  sensitive  plates  were  unsuitable  for 
treatment.  These  experiments  undoubtedly  show  the  rapid  decrease  In 


products  behind  the  front  of  the  detonation  vrave,  other  conditions 
remaining  the  same.  Also  In  calculating  the  final  temparatiire  of  the 
explosion,  only  the  variation  of  the  thermal  capacity  with  temperature  is 
taken  Into  account,  and  not  its  variation  with  pressure,  since  the  latter 
has  been  only  slightly  luvsi^tigated.  It  is  possible  that  for  the  pressures 
and  densities  which  are  characteristic  for  detonation  it  is  more  correct  to 
consider,  as  did  ALENTSEV,  S0B0LB7  and  BEL7AE7,  that  the  thermal  capacity 
of  the  detonation  products  equals  the  thermal  capacity  of  the  solid  body 
or  of  the  liquid. 

Assuming  that  the  detonation  products  behave  similarly  to  a  solid 
body,  we  will  estimate  the  final  temperature  of  ea^losion  of  glycoldl- 
nitrate,  the  heat  of  explosion  of  iMch  eqtuls  Q,  “  1580  kcalAs  ** 

240  koal/fflole. 

For  solid  bodies  the  thermal  capacity  at  constant  volume  c,  tends 
to  a  definite  limit  at  high  temperatures 

e,=^3n/i  =  5.96n  ... 

•  molt  dig, 

;diere  n  is  the  number  of  atoms  in  the  molecule. 

Using  this  rule,  we  find  the  heat  capacity  of  the  explosion  products 
of  glyeoldinltrate  C9H4N30i>  vMch  forms,  during  the  explosion,  products 
consisting  of  14  gram-atoms  per  gram-molecule  of  or^osive. 

The  thermal  capacity  of  the  explosion  products  equals 


where  To  is  the  initial  temperature  of  the  explosive.  From  the 
experiment  T  — 31hO°K  is  obtained,  i.e*  the  oaloiilated  temperature  is 
very  close  to  that  determined  experimentally. 

It  is  not  yet  possible  to  make  more  penetrating  deductions,  based  on 
the  correspondence  obtained  between  the  experimental  and  calculated  dsta, 
since  the  experimental  material  accumulated  on  this  problem  is  still 
insufficient.  However,  ^there  is  no  do\)bt  that  the  method  developed  by 
ALHNTSHV,  SOBOLEV  and  others  of  detenolning  experimentally  the  final 
temperature  of  explosion  of  liquid  exq>l03ives  definitely  merits  attention. 
The  problem  of  deteimitdjig  the  final  temperature  of  explosion  of  explosive 
powders  remains  open. 

In  spite  of  the  known  achievements  in  the  field  of  dstemltd.ng 
experimentally  the  final  temperature  of  an  explosion,  due  to  the  complexity 
of  the  method,  it  is  usual  to  oaloulate  it  from  the  thermal  capacity  of 
the  e:q)lo8ion  products  or  from  their  internal  energy. 

The  basis  of  the  calculation  Is  the  supposition  that  an  explosion  is 
an  adiabatic  process,  occurring  at  constant  volume,  and  that  the  energy  of 
chemloeil  transfoimatlon  evolved  in  the  explosion  process  is  consumed  only 
by  heating  the  products  of  the  transformation.  It  is  also  assumed  that  the 
thermal  capaolty  of  the  explosion  products  depends  only  on  the  temperature 
but  does  not  vary  with  the  pressure  (ilenslty)  of  the  es^osion  products. 

For  the  processes  of  rapid  oombustlon  (for  example,  powders  in  munitions), 
the  consumption  of  heat  by  heating  of  the  barrel  and  by  the  work  of 
expanding  the  combustion  products  is  known  to  ooour.  This  too  is  not  taken 
into  account  in  the  calculation,  as  this  would  Involve  a  much  more  compli¬ 


cated  calculation 


To  calculate  the  temperature  of  the  escploaion  products  it  is  necessary 
to  know  the  laws  of  change  in  the  thermal  capacity  of  these  products  with 
temperature  or  the  change  in  the  internal  energies  of  the  ejqplosion  pro¬ 
ducts.  Today  the  theory  of  this  process  has  been  developed  satisfactorily. 

Belov,  a  short  summary  is  given  for  practical  calculations. 

The  contemporary  theory  of  heat  capacities  is  based  on  the  quantum 
theory  and  on  the  analysis  of  molecular  and  atomic  spectra.  Analysis  of 
these  spectra  gives  the  necessary  data  for  determining  the  themodyziaisio 
functions  of  the  various  aubstanees  and  their  thermal  eapaoltlas.  We  recall 
that  the  themed  oapaoity 


(16.4) 


is  the  name  given  to  the  quantity  of  heat  necessary  to  heat  unit  quantity 
of  the  subatanoe  (one  mole)  by  1^  (molar  thermal  oapaoity).  The  heat 
capacity  and  the  magnitude  of  q  depends  on  the  oondltlons  of  the  process. 

The  heat  capacity  at  constant  volume  (c,)  differs  fr:m  the  heat 
capacity  at  constant  pressure  (c^)  .  If  the  process  booivs  at  v  =  const, 

then  dX  =  0  axid 


If  the  process  occurs  at  pa  const  ,  then  dAampdv  and 


For  the  difference  in  heat  oapaoitles  we  obtain 


Cp  —  c,  =» 


(16.5) 


For  ideal  gases 


l.e,. 

For  real  gases  the  difference  somevMt  exceeds  .  R  .  This,  however, 
caD2iot  be  taken  into  aooount  in  practical  calculations. 

For  liquid  and  solid  bodies  foxnula  (16.5)  is.uipually  replaced  b^ 
empirical  formulae.  The  quantity  of  heat  necessary  for  heating  a  body 
from  temperature  Ti  to  temperature  Tt  ,  corresponding  to  the 
equation  (16.4),  la  determined  from  the  ejqpression 

T, 

j  cdT. 

If  an  average  value  is  taken  for  the  heat  capacity  over  a  small 
temperature  range,  we  obtaint 

q  ^c{T^  —  7*1), 

where  c  is  the  average  heat  capacity  over  the  interval  Tt  —  T\  , 

The  correct  relationship  between  the  real  and  the  average  heat 
capacity  for  Cp  and  Isi 

T, 

J  c(iT  =  c{Tt  —  Ti). 

T, 

According  to  quantum  theory,  the  heat  capacity  of  gases  consists  of 
three  terms  corresponding  to  the  translational,  rotational  and  vibrational 
degrees  of  freedom: 


^11  “  ^trans."i“  ^  rot .  ~1“  ^  vlb , 


(16.6) 


The  kinetic  theory  of  gases  gives  the  energy  of  translation  of  one  mole  of 
monatomic  gas  by  the  following  relationship: 

v^ence 


_ _3  p 

infiT”  My*  O 


traM-  tfT* 


For  polyatomic  moleoulea,  kinetic  theoxv  gives: 


c  — +  ^  p  b=ff  =  £±i 


vihere  m  Is  the  number  of  degrees  of  freedom  equal  respectively  to  3^  5 
and  6  for  mon-|  dl-  and  tri-atomlo  moledules.  Only  monatomio  gases  conform 
strictly  to  kinetlo  theory  up  to  .very  blg^b.  temperatures. 

•The  rotational  degrees  of  freedom  arise  at  very  low  temperatures, 
whilst  for  every  degree  of  freedom  the  energy  must  equal  jJfT  ,  tMoh 
gives  for  diatomic  or  polyatomic  linear  moleoules 

(two  degrees  of  freedom  of  rotation)} 
for  other  polyatomic  moleoules 

(three  degrees  of  freedom  of  rotation). 

The  stimulation  of  vibrational  degrees  of  freedom  depends  on  the 
temperature  and  conforms  to  the  conditions  of  quantum  theory.  The  thermal 
capacity  obtained  due  to  vibrational  movement  Is  defined  for  gases 
according  to  the  DEBYE-SINSTEXN  formula 


(16.7) 


^Tibf=]S^*(T)' 


where 


3/? 

Cjf  7 


8  _s  ^  <0  “  4,788  X  lO'^  «  i3  the  ao-oallad  characteristio  temperature, 
ta  Is  the  frequenoy  of  the  vibrations,  m  is  tbs  nuaiber  of  degz«es  of 
freedom. 

In  this  formula  the  parameter  <o  (the  frequenoy  of  the  natural 
vibrations)  la  detenained  depending  on  the  properties  of  the  substance. 
Usually  the  value  of  the  ohatacteristlo  temperature  fi  for  various  bodies 
is  given  in  tables. 

In  calculating  the  final  temperature  of  an  explosion  for  solid 

explosion  products  it  is  possible  to  take  the  heat  oapaoity  «■ SRn  . 

The  heat  capacity  of  solid  bodies  tends 

to  this  limiting  value  with  Inorease  in 

temperature  (Fig.  28). 

The  number  m  for  gases  is  foimd 

from  the  follovdng  oonslderationa.  Each 

of  the  n  atoms  of  the  molecule  in 

the  free  state  possesses  three  trans-> 

lational  degrees  of  freedom.  These  3n 

Fig.  28.  The  variation  of  the  degrees  of  freedom  are  maintained  in  the 

heat  capacity  of  a  solid  body 

ivith  temperature,  molecule.  Three  of  them  must  be  for 
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traaslatlonal  siotion  and  2  (linear  molaeules)  or  3  (non-linear  molecules) 
for  rotational  motion. 

The  number  of  vibrational  dag  as  of  freedom 

/b  =  3/i  —  6  (linear  molecules)  and 
/n=3/t  — fi  (non-linear  molecules). 

Finally,  for  gases  we  have 

8n-6 

2  ^®(t)  linear  moleotiles  and 

M-H 

=  (t)  noa-liaear  polyatomic  molecules. 

For  symmetrioally  oonstruoted  molecules  two  (or  more)  frequencies  o> 
can  oolnoide.  The  vibrations  corresponding  to  them  are  known  as  doubly, 
three  times,  etc.,  degenerate.  In  the  sum  of  the  e:iq>resBions  for  Cs 
they  ooeur  with  the  factors  2,  3»  etc.  The  magnitudes  Ce  ifi/T)  are 
calculated  from  the  corresponding  data  presented  in  hand-books  of  physico¬ 
chemical  quantities. 

The  magnitudes  gases  encountered  in  e:q;loslon  products 

and  derived  by  optical  means  are  given  in  Table  39.  The  degrees  of 
degeneracy  of  the  corresponding  frequencies  are  given  in  brackets. 

The  data  of  Table  39  are  ;ised  to  calculate  heat  capacity.  For 
e.'xnmple,  the  heat  capacity  of  (noi]-linear  zoolecule)  varies  with  the 
tempei-ature  according  to  the  following  law.  Of  the  six  frequencies  one  is 
doubly  and  another  three  times  degenerate.  Thus, 

c,  c=  3/?  +  Cs  (^)  +  2Cs  (^)  H-3C, . 


Table  39 


CharaeterlBtlc  tempera tiire 5  of  some  gases 


Dlatofflio 

gaa98 

0 

XOD&tODlC 

gasfts 

0, 

a. 

a. 

H, 

6130 

CO, 

954  (2) 

1920 

3360 

Cl, 

801 

N.0 

842(2) 

1840 

3190 

0, 

2224 

H,0 

2280 

5150 

5360 

Hh 

3350 

SO, 

750 

1650 

1950 

2038 

NH, 

1360 

2330(2) 

4470  (3) 

NO 

CO 

2705 

3085 

CH, 

1870(3) 

2180(3) 

2170(2) 

4320 

The  heat  capacity  of  CO  is  e^ipr'^^issed  by  the  relationship 

At  rmSOSS’K  O/r  a  1  .  This  corresponds  in  the  tables  of  the 

functions  Ce(6/T)  to  a  value  of  Cjt  "■  1.828 »%» 1.83  and 

+  1,^3  “  6.80  cal/uole  degree. 

At  very  high  temperatures,  apart  from  the  tema  it 

ia  necessary  to  take  into  account  the  energy  of  electronic  excitation. 
Today,  tables  have  been  set  up  containing  the  beat  oapaoitles  of  various 
gases  taking  into  account  all  the  oaloulated  factors.  ?or  praotioax 
calculations  it  is  convenient  to  sjQiress  the  results  by  an  analytioal 
relationship.  Usually  it  is  given  in  the  form  of  a  power  series 
( C  Co +  air  +  a3p with  aeourately  estimated  coefficients. 

In  practice,  estimates  of  the  final  temperatures  of  an  explosion 
frequently  mak.3  use  of  KAST’s  binomial  formulae  for  the  mean  moleoiilar 
heat  capacities  in  the  temperature  range  from  0^  to  t^C. 


For  diatoBlc  gases  c,  =  4.8-|- 4.5  3^10“*/. 

For  steam  c„  =  4.0  4-21.5x10"*/. 

For  cairbon  dioxide  V^^O.S-l-S.S  *10"*/. 

For  tetratamio  gases  c,<=a  10.0-1-4.5x10"*/. 

For  pentatomio  gases  ==  12.0 -t-4.5x  10"*/. 

A  comparison  of  the  results  of  the  determination  of  the  mean  heat 
c£\pacities  acoording  to  KAST's  formulae  and  aocordit^  to  internal  energies 
shows  that  decreased  values  of  the  heat  capacities  are  obtained  according 
to  KAST's  foimiilae  and  consequently  increased  values  for  the  final 
temperature  of  explosion. 

The  final  temperature  of  an  explosion  can  also  be  estimated  if  the 
internal  energy  of  the  explosion  products  is  known. 

If  the  process  occurs  at  constant  volume,  then  on  the  assumption  that 
all  the  heat  of  reaction  is  consmed  in  heating  the  explosion  products  it 
is  possible  to  write ( 

wViai«o  o®  is  the  heat  of  explosion  referred  to  0°C}  rti  is  the  number 
of  gram-moles  of  the  i-th  product  of  the  explosion;  A£(i  is  the 
change  in  internal  energy  of  the  /-th  product  of  the  explosion  in 
the  temperature  range  0* — /  ®C. 

The  valties  of  A£,  for  some  gases  and  AI2O3  are  given  in  Table  40. 

Let  us  determine  as  an  example  the  final  temperature  of  the  explosion 
of  PSTN,  for  which  the  approximate  reaction  of  explosive  transformation 
can  be  vrritten  as: 


CjMeOuN*  -  3CO,  ■+■  2CO  -f-  4HaO  2Ni,. 


Table  40. 


Internal  energies  of  explosion  products  (kcal/mole). 


CO 

CO, 

H. 

H,0(g) 

0. 

Ni 

NO 

CH. 

NH, 

A1,0, 

100 

0.50 

0.73 

0.49 

0.61 

10.84 

051 

050 

0,51 

0,71 

0.68 

2.0 

500 

2.61 

4.36 

250 

3,28 

1351 

2.75 

257 

2,69 

4.78 

4.08 

12.1 

1000 

5.58 

9.87 

5.13 

7.24 

17.47 

5.93 

550 

5,76 

12.48 

951 

275 

1200 

6.85 

12.23 

6.25 

9.06 

19,23 

7.26 

6.75 

7,06 

16,10 

12,47 

34,3 

MOO 

£.16 

14.64 

7,41 

8.61 

10,8.5 

20.08 

8.62 

8.03 

8.38 

19,94 

15,28 

415 

1600 

9.46 

17.11 

12.78 

23.01 

10.00 

9.33 

9,72 

23,94 

18,22 

49.1 

1800 

10.80 

19.62 

954 

14,77 

25.00 

11,41 

10.65 

11,08 

28,06 

21.25 

67,0 

2000 

12.14 

22.14 

11.11 

16.81 

27,04 

12.84 

11,99 

12,44 

32,30 

24,37 

655 

2200 

1360 

24.70 

12.40 

18.89 

23.12 

14.28 

13.33 

1352 

36.62 

2755 

99,8 

2'100 

14.87 

27.27 

13.72 

21,03 

31.26 

15,76 

14,69 

15.21 

41.01 

30,80 

198,4 

2600 

16.25 

29216 

1556 

23.19 

33.42 

17.25 

16.06 

16,60 

45.45 

34,09 

117.0 

2800 

17.63 

32.47 

16,42 

25.38 

35.61 

18.77 

17.43 

18.00 

49.95 

37.43 

125,6 

3000 

19.01 

35.09 

17.79 

2757 

3750 

20.28 

18.81 

19,40 

64.49 

40,80 

134,2 

3200 

20.41 

37.74 

19,10 

29.79 

40.02 

21.84 

20.20 

20.81 

59.03 

44,77 

142,8 

3400 

21.80 

40.39 

20.60 

,32.06 

42.29 

23.39 

2159 

22^2 

63.63 

■47,60 

151.4 

3600 

23.29 

43.05 

22.01 

,34.33 

44.61 

24.97 

22.99 

23.65 

68,23 

51.03 

160,0 

3800 

2461 

45.72 

23.45 

36.61 

46,84 

26.56 

24.38 

25,07 

72.86 

54.40 

168,6 

■4000 

20.01 

48.40 

2458 

38.90 

49.13 

28.15 

25.79 

26.50 

7751 

82.17 

57.97 

1775 

4200 

27.43 

51.10 

26.34 

41.19 

51.42 

29.76 

27,20 

27.94 

61.45 

4400 

28.84 

53210 

2750 

43.49 

53.72 

31.88 

28,61 

29.39 

8657 

64,95 

4000 

30.26 

5651 

29.27 

45.81 

56.04 

33.00 

30.03 

30,84 

9158 

68.46 

4800 

31.68 

59.24 

.30.75 

48.14 

58.37 

34.63 

31.45 

32.30 

96.29 

71.98 

5000 

33.10 

61.97 

32.22 

50.48 

60,71 

36.28 

3257 

33,76 

100.91 

7551 

The  heat  of  explosion  Q,(i.)  >■  489  keal/oole. 

Let  the  teaperatvire  of  explosion  ■  4000*^0.  Then 

2  /!( Bs  496.90  Jcctl, 

whloh  Is  greater  than  Q,  (i)  h7  7.9  koal. 

Nov  let  the  final  temperature  of  explosion  t  «  3dOO°C,  whloh  gives 
°  471.26  koal,  which  Is  less  than  the  heat  of  explosion  by 
13.74.  Supposing  that  In  a  small  temperature  range  (200°)  the  internal 
energy  changes  linearly  with  temperature,  we  find  that  on  changing  the 
temperature  by  one  degree  the  internal  energy  of  the  explosion  products  is 

/r/ 


changed  by 


~~'^26ir^  =  koal/degrao. 

The  final  temperature  of  e.'xploslon  equals 

f  =  4000  —  =  3939“  C  «  4210“  K. 

Sometimes  it  is  oeaessazy  to  ohange  the  final  temperature  of  explosion 
in  various  mixed  explosives. 

The  final  temperature  of  an  explosion  Is  determined  by  the  expression 

*  —  ft'  _  0i  —  Qt 

where  Qi  is  the  heat  of  formation  of  the'exploslon  produots,  Qs  la 
the  heat  of  formation  of  the  components  of  the  explosive  mixture. 

Analysing  the  given  formula,  it  can  be  established  that  the  final 
tempe.’ature  of  explosion  increases  vdth  increase  in  the  heat  of  formation 
of  the  explosion  products  and  with  decrease  in  the  heat  of  formation  of 
the  explosive  components  for  a  decrease  or  comparatively  small  increase  in 
the  heat  capacity  of  the  explosion  products.  The  final  temperature  of  an 
e;q>losioa  can  also  be  Increased  by.  the  Introduction  of  easily  oxidized 
substances  which  give  a  greater  quantity  of  heat  during  the  consumption  of 
a  similar  (or  less)  amount  of  oxygen  during  their  own  oxldatiwn,  than  during 
the  oxidation  of  carbon  or  hydrogen.  Of  the  additions  to  explosive 
compositions  which  are  useful  for  increasing  the  final  temperature  of  the 
explosion,  mention  can  be  made  of  aluminium  and  magnesium  in  a  finely 
divided  state. 

The  effeotlvensss  of  the  introduction  into  ammonites  of  aluminium  and 
magnesiim  to  increase  their  final  temperature  of  explosion  is  oonfimad  by 


the  follovdng  data  for  the  heats  of  combustion; 


Reaction  Thermal  effect  of  the  reaction 


2AI  +  1.5  Os  =  AljO,' 

393.3 

kcal 

or 

3,85 

koal/g, 

3Mg-t-1.5  Oj  =  3MgO. 

437.4 

kcal 

OP 

3.61 

koal/g , 

1,5C+1.5  02=1,5C0,. 

141.5 

koal 

or 

2.24 

koal/g, 

3Hj+1.5  0,=.3Ha0. 

173,4 

koal 

or 

3.21 

koal/g' 

The  ratio  of  the  thermal  effect  of  the  reaction  to  the  heat  capacity  of 
its  products  is  highest  for  AI2O3  vMch  bears  witness  to  the 

increase  in  the  final  temperatvire  of  explosion  on  the  Introduction  of  tbc.se 
metals  into  the  composition  of  the  e::gploslve  system. 

The  introduction  of  alumlniim  and  magnesium  unconditionally  increases 
the  power  and  efficiency  of  the  eiigploslve  (brlsance).  However,  it  was 
shown  e;q}erlfflentally  that  the  introduction  of  these  substances  into  high 
explosives,  in  spite  of  the  increase  in  the  total  heat  of  explosive  trans¬ 
formation,  decreases  the  rate  of  detonation.  This  olroumstanoe  permits 
the  assumption  that  the  oxidation  reaction  of  aluminium  and  magnesium  is 
secondary  with  respect  to  the  process  of  the  detonating  transformation  of 
the  explosive.  The  latter  statement  means  that  the  introduction  of  these 
additives  should  not  in<p:«ase  directly  the  temperature  in  the  front  of  the 
detonation  wave. 

The  formation  of  the  oxides  AI2O3  and  MgO  can  proceed  as  a  result  of 
the  inter-reaction  of  these  metals  with  the  products  of  the  explosive 
transformation  of  the  explosive  and  probably  also  on  account  of  their 
oxidation  by  the  oxygen  in  the  air.  In  any  case  the  reaction  is  favourable 
from  the  energy  viewpoirt  which  is  demonstrated  by  the  increased  brisanoe 


of  an  explosive,  especially  pf  ammonites,  containing  .ilnminiimi  and  magnesium. 

In  many  oases  it  is  necessary  to  lower  the  final  temperature  of 
explosion  or  combustion,  which  is  especially  important  for  powders.  We 
also  encounter  such  a  necessity  viien  carrying  out  blasting  in  shafts  which 
are  dangerous  as  regards  gas  and  dust.  For  the  explosives  used  in  such 
shafts  the  final  temperature  of  the  products  of  their  explosive  tr^Jisfor- 
mation  should  not  exceed  definite  values. 

Decrease  in  the  final  temperature  of  explosion  is  achieved  by  using 
exactly  opposite  measures  to  those  used  for  increasing  this  temperature, 
i.e.  by  decreasing  the  heat  of  formation  of  the  explosion  products, 
increasing  their  heat  capacity  and  increasing  the  heat  of  formation  of  the 
explosive  Itself.  In  practice  this  is  attained  by  upsetting  the  oxygen 
balance,  and  by.  introducing  special  additives  which  increase  the  overall 
heat  capacity  of  the  explosion  products.  For  this  piurpose,  an  increase  of 
the  ratio  of  the  number  of  K  atoms  to  the  number  of  C  atoms  in  the 
elementary  composition  of  the  e^^losive  is  recommended,  since  the  heat 
capacity  of  CO  and  CO^  calculated  for  1  g  at  high  temperatures  is  consid¬ 
erably  loss  than  the  heat  capacity  of  1  g  of  steam. 

In  safety  e^loslves,  the  additives  used  to  decrease  the  final 
temperature  of  the  explosion  are  chlorides,  sulphates,  bioarbonates  eto; 
in  powders  they  are  hydrocarbons,  resins,  nltro  compounds  of  the  aromatic 
series,  eto. 
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Chanter  IV 


HBAGTIONS  OF  EXPLOSIVE  BREAKDOWN 

§  17.  General  data.  T.No.  1488d 

To  estimate  the  possible  destructive  effect  of  an  e:9l03ion,  it  is 
neoessaxj  to  know  the  specifio  velurne  of  the  products  of  the  explosive 
transformation,  the  detonation  pressure  and  the  heat  of  explosion,  as  has 
already  been  mentioned.  These  characteristics  in  their  turn  are  determined 
by  the  composition  of  the  explosion  products,  i.e.  by  the  reactions  of  the 
explosive  transformation  of  the  substance. 

The  composition  of  the  explosion  products  is  also  important  in  order 
to  judge  the  safety  of  various  explosives  in  use  for  underground  work,  so 
that  the  explosion  products  are  harmless  to  the  human  body. 

The  reactions  of  explosive  transformations  can  be  established 
theoretically  and  from  the  data  on  the  composition  of  the  cooled  products 
of  the  erqplo^on.  The  accurate  determination  of  the  composition  of 
explosion  products  and  of  the  heat  of  explosion  is  an  extremely  complex 
problem.  This  is  explained  by  the  follovdng  reasons. 

1.  The  composition  of  the  cooled  explosion  products  determined  from 
the  result  of  ohemioal  analysis  depends  essentially  on  the  external 
conditions  (surrounding  medium,  cooling  time)  and  oan  dlfi'er  from  the 
initial  oomposltien  of  the  explosion  produots  vMoh  oorresponds  to  the 
miiirtmMm  tetttporature  and  pressure  of  the  explosion. 

A  vary  greau  influence  on  the  fi-aal  composition  of  the  explosion 
products  is  exerted  by  their  cooling  time,  during  which  so-called 


secondazT'  reactions  occur  between  the  explosion  products.  The  course  of 
these  reactions  Is  determined  by  the  lavs  of  chemical  equilibrium. 

2.  The  character  of  explosive  reactions  changes  noticeably  depending 
on  the  means  of  lnlt.uatlng  the  explosion  (heating,  impact.  Initiation  by  a 
detonator,  etc.},  the  density  of  the  explosive  charge,  the  temperature  and 
axteztial  pressure  at  which  the  reaction  occurs. 

According  to  MURAOUR's  data,  during  Ignltioni' under  a  very  hlg^ 
pressure  a  number  of  secondary  explosives  lose  their  brisanoe  and  ability 
to  undergo  a  normal  detonation,  which  la  attested  by  a  change  in  the 
character  and  rate  of  the  reaction.  RfABXNIR  also  shows  that  at  a  pressure 
of  45,000  kg/cttfi  and  a  texoperature  of  235^0  the  breakdown  rate  of  barium 
azide  la  58  times  less  than  its  breakdown  rate  at  atmospheric  pressure  and 
the  same  temperature. 

The  factors  given  and  especially  the  method  of  exoitlzig  reaction 
predetermines  to  a  considerable  extent  the  character  of  the  process  which 
can  occur  aa  detonation,  rapid  combustion  or  slow  deoomposltlon.  It  is 
evident  that  In  all  these  cases  the  composition  of  the  breakdown  prodxicts 
can  be  different. 

For  example,  ammonium  nitrate  can  decompose  aooordlng  to  the  following 
basic  equations  depending  on  the  conditions  of  initiation  of  the  reaotioht 

1)  NH4N03  4^NH3+ HNOa  -  41.3  hoal  (on  careful  heat5ng  to  a 

temperature  someidiat  higher  than  the  melting-point). 

2)  NH4N03  =  N,0  +  2H,0  +10.2  kcal  (on  heating  to  260-285®0); 

3)  NH4NO3  =  Ni4-0.5O8  +  2H,O  +  30.7  kcal  (explosion,  excited 

by  a  capsule-detonator); 

4)  NH4N03  =  0.75N,  +  0.6NO,  +  2H,0  +  29.5  kcal  (on  rapid 
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heating  to  400-500®C). 

The  processes  of  slow  daooaposition  of  organic  explosives  is  usually 
aooompaziled  by  the  formation  of  a  copious  quantity  of  oxides  of  nitrogen 
and  a  number  of  liquid  and  solid  organic  compounds. 

During  rapid  combustion  of  explosives  and  powders  under  relatively, 
high  pressures  quite  a  profound  decomposition  of  the  molecules  of  the 
substance  occurs  and  the  breakdown  products  Consist  mainly  of  such  slsq^e 
substances  as  002«  CO,  H2O,  E2  and  K2. 

Under  the  conditions  of  detonation  the  quantitative  and  qualitative 
oomposltlon  of  the  tranaformatlon  products  differs  noticeably  from  the 
composition  of  the  oosibustion  produots  of  the  same  e:qplo8lve.  This  is 
explained  by  the  fact  that  during  detonation  hlf^er  pressures  arise  under 
the  influence  of  which,  according  to  the  ZJE  CBilELISR  prinelple,  a  dis¬ 
turbance  ooours  in  the  balance  between  the  reaction  prodhots  so  that  the 
volume  of  the  syetem  deoreases,  i.e.  so  that  prooesses  of  assoolatlon  of 
the  molecules  and  partial  formation  of  free  carbon  (2CO^COi-f  C)  tend 
to  develop.  With  inorease  in  the  obs:i^ge  density  (idilch  Is  equivalent  to 
an  inorease  in  the  detonation  pressure)  these  prooesses  are  of  course  more 
strongly  developed,  since  ..the  detonation  produots  become  richer  in  GO12  and 
C  with  a  corresponding  decrease  in  the  quantity  of  CO.  This  is  well 
oonflzmed  by  the  ejqperimental  data  given  in  Table  41. 

S  Id.  Theoretical  calculation  of  the  composition  of 
the  produots  of  an  explosive  transformation 

The  character  of  the  explosion  produots  is  determined  above  all  by 
the  stoichlametrio  composition  of  the  esq^oslve. 


•.?i  3!f'  a:  ^ 


Tha  oomPoalT.5  detonation  Diroduotfl 

for  vat’ylng  .Initial  charge  densltlea. 


Isfela  41 


Uaapoiltian  of 
•zploiion  produoti 
por  1  kg  ojplofiT* 

{in  noloi) 

Tatnyl 

Plario  aold 

^>l.teg/aa3 

h-i.os/o>3 

COt . 

CO . 

C . 

HjO . 

. . 

Nk . 

HCN . 

. •  . 

Cntim  •  . . 

SpOOifiO  TSlUM  of 

cuol,  V*S  •  • 

5.59 

10.85 

5.80 

5.91 

1.84 

7.82 

aeo 

0.58 

0.27 

0.03 

760 

302 

18.83 

0.30 

3.03 

3.64 

7,73 

0.30 

1.20 

0.20 

0.48 

002 

860 

7,88 

10.18 

6,80 

4,60 

1.08 

5.81 

OJO 

0J3 

a40 

0.12 

0.01 

690 

4,49 

17.60 

0.80 

4.02 

1.70 

5.02 

0.10 

0.66 

1.20 

016 

0,04 

780 

Dm  oajoiity  of  ajqplosivoa  are  organio  oompouxida  vlth  aoleoules 
ooatalalng  pre-emlnontl;^  sxieh  eleownts  as  0,  E,  0  and  E.  Beoauae  of  tbla 
the  moat  oharaoteriatlo  prodaota  of  an  exploalve  tranafomatlon  are  002^ 

B.2P,  00,  E2,  E2,  ns,  O2  and  C.  Apert  from  tbeae  prodiiota,  during  an 
e:q;)108ion  CS4,  C2N2  and  other  produota  oan  be  fomed  In  inaignlfloant 
quantltiea. 

At  the  moment  of  eaqjloalon  a  number  of  reaotlona  between  thaae 
Bubatanoes  oan  occur  idiloh,  depending  on  the  elementary  oompoaltion  of 
esqploslre,  can  determine  the  final  composition  of  the  exgploslon  produota. 

The  following  reactions  have  a  deoisire  significance  in  the  oomposition 
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of  explosion  produota a 


2C  +  0.-> 
Na4-3Ha5=t 
2C0 

2Ha-hOa5=t 
C0  +  H,0^ 
2N0 


2C0 -1-2*26,4  koai, 
2NH,  4-2x11,0  koal. 
COj -f- C  4*  4 1  *2 
2H2O  4“  2  *  67,8  kpAX) 
COa  4“  Hj  4“  10.4  kcBi, 
Na  4“^a  koai. 


Th«  NO  foznation  reaction  is  endothetmio  and  acquires  noticeable 
development  only  at  very  hl{^  temperatures,  so  that  in  the  majority  of 
oases  it  is  of  secondary  iiqportanoe  only. 

The  following  reactions  have  a  slight  influence  a  the  oonposition  of 
explosion  prodnots: 

C04“Ha  5^  HaO 4" C4“31«4  ksai. 

N,4-3Ha  5=t  2NH,4-2- 11.0  koal. 

CaNa  2C+N|4“68.6  ko»l. 

2HCN  5a:  2C  4-  N,  4-  Ha  4-2  •  80.7  kwl. 


During  cooling  of  the  explosion  products  secondary  reactions  can 
develop  eonneoted  mainly  viith  the  formation  of  methanes 

C4-2Ka5=£CH4  4-17.9  koal, 

C0  4-3Ha  5=tCH4  4-Ha04-49.3  koai, 

2CO  4-  2H,  T=t  CH4  +  COa  4-  59.1  koai. 

At  the  moment  of  explosion  methane  is  formed  only  in  negligible 
quantities  which  is  oonfimed  by  the  results  of  special  es^riments.  The 
explosions  of  explosive  charges  in  these  experiments  were  oarried  out 
under  conditions  where  "free sing"  of  the  initial  composition  of  the 
explosion  prodnots  is  attained  by  rapidly  cooling  them  by  means  of  external 

/^O 


work.  For  this  pirrpoae  charges  installed  in  tough  thick-walled  lead  or 
steel  appliances  or  in  special  lead  bombs  were  exploded  in  an  evacuated 
bomb.  Under  these  conditions  among  the  e:q5losion  products  of  picric  acdd 
there  was  detected  not  less  than  0*2%  CH4,  whilst  according  to  the  data  of 
SAHRO  and  VIEZLLE  the  quantity  of  mathane  in  slowly  cooled  explosion  pro¬ 
ducts  amounts  to  about 

The  composition  of  the  explosion  products  can  be  calculated  theor¬ 
etically,  staxting  from  the  general  lavs  of  chemical  tbezmodynafflioei.  Here 
the  following  assumptions  are  made. 

1.  At  the  temperatures  and  excessively  hlj^  pressures  oocurring 
during  explosion,  the  reactions  proceed  so  quickly  that  in  s]^te  of  the 
extremely  shox^  duration  of  the  phenotaenon,  a  ohemleal  eqtrOibHinn  is 
established  between  the  explosion  products. 

The  results  of  oaloulatlons  on  detonation  velocities  for  gaseous 
mixtures  assuming  an  equilibrium  state  betveen’the  reacting  components 
Indlreotly  confizn  the  validity  of  this  assumption.  From  Table  42  it  iS: 
evident  that  the  detonation  velocities  of  gaseous  mixtures  calculated  in 
this  way  for  all  oases  are  In  considerably  better  agreement  with  experi¬ 
mental  data  than  those  calculations  based  on  a  quantitative  reaction. 

2.  Eiploalon  Is  an  adiabatio  process  during  ^rtiloh  the  exteimal 
energy  is  expended  only  by  the  beatlng-up  of  the  products. 

Koreover,  it  is  supposed  that  the  eoqploslve  process  occurring  in  a 
detonation  form  is  Isooborio  l.e.  it  is  oompleted  within  the  volume  of 
the  explosive  charge  itself. 

3.  It  is  also  often  assiv&ed  that  the  equation  of  state  of  ideal 
gases  and  the  tbenuodynamlo  consequences  arising  from  it  are  also 
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Table  42 


Calculated  and  experimental  valnea  for  the 
detonation  velooltjea- of  gaseous  mlxtiJres.  m/aao. 


CoDpoaitlon  of 
gaatous  aiztur* 

Caloul&tfld  TaluAS 

Ibqpsriaen'Ul 

tsluas 

b&aed  on  & 
qiuontitativo 
_ raaetion 

based  on 
■qulllbrlua 
oon(lttiloB;i 

2H-H 

h  0, . 

— 

2806 

2819 

2H,- 

2378 

2407 

ho!4-3N, . 

2053 

2hJ. 

1027 

1850 

1822 

2630 

2302 

2314 

2H,- 

9*  C9 

2092 

1925 

2H,- 

-0,+'60, . 

1325 

1735  - 

2H,H 

3650 

3354 

3273 

2H,^ 

-o;+4h; . 

3769 

3627 

3527 

applicable  to  the  eondltione  of  an  explosion  iMofa  is  characterized  bjr 
hi(^  pressures. 

In  theoretical  oalculations  the  principal  difficulty  is  not  In  the 
aotual  application  of  the  equations  of  state  corresponding  to  explosive 
oonditions;  it  is  due  to  the  rather  avdcoard  equations  obtained  vtaicb  can 
only  be  solved  nunei’loally. 

Applied  to  the  processes  of  rapid  oonbustion  which  are  characterized 
by  comparatively  loy  pressures,  the  equations  of  state  of  ideal  gases  (or 
the  approximate  van  der  Vaals  equation)  leads  to  oompletely  satisfactory 
results. 

The  course  of  the  and  the  conditions  of  eoulli- 

brlum.  As  is  known,  all  spontaneously  occurring  processes  tend  to  increase 
the  entropy  vA5>0)  or  decrease  the  free  energy  (A/^<0)  .  The 
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mgBitvide  or  the  naxLmmi  work  A  serve  as  a  meastire  of  the  chemical 

affisity  and  define  the  course  of  the  chemical  reactions. 

For  the  general  case  of  the  reaction 


+  . . .  ■v'lMi  +  vJMj  -f-  •  •  *1 

(18.1) 

i&ere  vt  la  the  number  of  gram-moleoules  of  type  Li  ,  ate. 

The  marl  mum  work  Is  defined  by  the  expression 

^  /?r  (In  a:,,  —  A  In  f). 

(18.2) 

idiere  Ka  is  the  equilibrium  constant  iMoh  according  to  the  lav  of  mass 
action  equals 


Ko‘ 


Ain  tf  ■»  v[Jnf„^  +vJln<r„^'+‘ .  •  •  v,  In  c^-‘\  In  —  • 


The  equation  (18.2)  is  the  equation  of  the  chemical  isotherm. 

c,^,  •  • Cy^^,  are  the  initial  concentrations  of  the  reaotante; 
Cj^i  •••>  ^s.  equilibrium  oonoentratlons  of  the 

reactants, 

idiem  tit  is  the  number  of  moles  of  the  given 
is  the  total  volume  of  the  system; 

A»ivJ-f-vJ4-...  —  V,— v,~  ... 

ChIom!--- 
«l!i 

{(^  3 


idiilst  C(> 
component,  x> 


Thus 


A  In  c  a  In 


Seplaoing  the  eoncentrationa  by  the  partial  pressitrea  pi  with  the 


help  of  the  equation  of  state  of  ideal  gases,  t&iere 

Pi=^'^RT:^C,RT, 

we  obtain 


A  =  -U^^RT{\nKp--L \np^), 


as.3) 


vdiere  po  is  the  pressure  at  iMoh  the  gases  take  part  in  the  reaction 
and  p  are  the  eqfjilibrium  pressures. 

The  values  Kp  and  Ka  do  not  coincide;  in  the  general  case 


In  a  number  of  oases  it  is  siore  expedient  to  express  the  concentrations 
in  the  fotm  of  mole  fractions 


idiere  n  is  the  total  number  of  moles  in  a  gaseous  mixture. 

Since  pt=aNip  vdiere  p  is  the  total  pressure  of  the  gaseous 
mixture 


Ks^KpP^'-^Ka[f)'^. 


(18.5) 


At  dv=>0  (for  example,  for  the  reaction  2N0  ^  ^2) 

Kn^Kp^Ka. 

Equation  (18.2)  shows  that  A  can  be  taken  to  have  any  values 
depending  on  such  arbitrary  parameters  as  the  initial  and  final  concen¬ 
trations  or  the  partial  pressures.  Therefore,  for  a  comparative  estimate 
of  the  forces  of  chemical  affinity  the  concept  of  normal  chemical  affinity 
is  used.  The  magnitude  of  the  normal  chemical  affinity  is  usually  its 


value  at  unit  oonccntrationa  and  partial  pressures  of  all  the  reacting 
components,  whilst  it  refers  to  standard  temperature. 

The  equilibrium  constants  vary  with  change  in  temperature.  The 
dependence  of  Kc  and  Kp  on  temperature  is  given  by  the  isochorio  and 
isobario  equations  respectively i 


d\nKe _ 

~~dT  “  j?r»  ’ 


(18.6) 


d'l^Kp  n  Qp 

dT  ~  RT*’  (18.7) 

where  AE  and  At  are  the  changes  in  internal  energy  and  enthalpy  of 

the  system,  Q,  and  Qp  are  the  thermal  affects  of  the  reaction  at 

constant  volume  and  pressure. 

The  relationships  (18.2),  (18.6),  (18.7)  and  the  deductions  derived 
from  them  are  fhlfilled  strictly  only  for  those  systems  the  gaseous 
components  of  vMeh  satisfy  the  laws  of  ideal  gases. 

For  non-ideal  systems  in  \diloh  the  equation  of  state  pv^nRT  is 
not  applicable,  the  derived  relationships  are  not  completely  true.  In 
particular,  Kp  ceases  to  be  a  function  of  tamperutuxe  alone  and  varies 
also  with  pressure.  This  fact  must  be  borne  in  mind  when  considering 
reactions  which  occur  during  detonation. 

The  application  of  the  laws  of  equilibrium  to  the  compressed  products 
of  detonation  is  largely  possible  if  the  basis  of  the  estimate  of  the 
derived  thermodynamic  functions  is  taken  to  be  the  equation  of  state 
corresponding  to  the  pressure  of  the  explosion.  The  expression  for  the 
thermodynamic  potential  in  the  general  form  is 


(18.8) 


(I>  =  <D<>+;?r]n;>-f-  /[®  — 

i 

For  idaal  gases  the  integral  on  the  right  equals  zero  and  foEOiula 
(18.8)  leads  directly  to  the  relationship  (18,2). 

For  non-ideal  gases  this  Integral  represents  the  correction  for  the 
deviation  from  the  ideal  state  and  can  be  calculated  from  the  given 
equation  of  state  P’^Kp.T). 

Hovnaver,  the  solution  Of  the  problem  is  simplified  considerably,  if 
in  the  thermodynamic  relationships  describing  the  eq'iiilibziun  of  ideal 
gasesj  the  partial  pressures  are  replaced  by  the  t . -called  activities. 

The  activity  is  defined  by  two  oondltionsx  1)  the  thexinodynamlo 
equations  for  maslmum  work  and  the  equilibrium  of  ideal  gases  hold  also 
for  non-ideal  gaaes,  if  the  pressures  are  replaced  by  activities,  2)  the 
activity  coincides  with  the  pressure  if  the  latter  is  so  small  that  the 
gas  becomes  ideal. 

From  this  definition  it  foHovs  that  in  the  gaseous  mlztxtfe  for  esoh 
of  its  compoaentB 


©,  =  ®?4-y?rJn/,. 


(18.9) 


Consequently,  in  a  system  not  aatlsf^ng  the  lavs  of  ideal  gases  the 
constant  will  not  be  given  by  ln/Cp  =  AInpi.  but  will  be  given  by 

In  B  A  In  ft  }  the  real  equlUhrlum  constant  depending  on 

temperature  alone  will  be  not  Kp  hut 


/(>  = 


/67C' 


(18.10) 


The  equation  (18.9)  can  be  used  directly  for  equilibrium  oaioulations 
only  in  thr,  c.\.  -  - • 


simply.  Taking  into  account  dhat  =  o 

differentiating  the  expression  (18.9)  ve  obtain 


(molar  voime;  and' 


or 


d\nf=~dp. 


(18.11) 

Integration  of  the  right-hand  side  of  the  expression  (18.11)  can  be 
carried  out  if  the  equation  of  state  is  given.  For  the  detonation  products 
it  is  possible,  for  example,  to  use  the  equation  of  state  proposed  by 
LANDAU  and  STANYDK0VIC3 

p  =  -f-  S  (p)  pr.  .  . 

(18.12) 

For  practical  calculations  it  is  convenient  to  introduce  the  activity 
coefficient  •(  expressing  the  deviation  of  the  gases  from  the  ideal 
state.  In  this  case 

(18.13) 

Ve  note  that  this  expression  does  not  depend  on  any  approximations 
and  represents  simply  the  definition  of  the  activity  coefficient. 

Corresponding  to  the  definition  of  partial  pressure  the  relationships 
are  obtained  for  partial  aotivity 

=  (18.14) 

idiere  yi  is  the  aotivity  coefficient  of  the  given  component  in  the 
mixture;  pi  =  M'tp  is  its  partial  pressure  eqxial  to  the  molar  fraction 

/('? 


multiplied  by  the  total  pressure  p  of  the  mixture 


'i 


Now  it  Is  possible  to  represent  tho  equilibrium  cor.  :tant  Kf  of 
formula  (IS, 10}  in  the  form 

]n/r^  =  Aln[/==Alnpj-|-A!n  7i 

or 


Kr^K, 


,1  ,i 


(18.15) 


The  problem  of  changing  from  Kp  to  Kf  reduces  to  finding  the 
activity  coefficients  since  according  to  the  definition  Kf 

coincides  fozmlly  with  Kp  estimated  by  the  usual  method  for  ideal 
gases. 

The  magnitudes  ^  can  be  considered  within  a  satisfactory  degree 

of  aoouracy  to  be  Identical  for  all  gases  and  vapours  at  the  same  reduced 

T 

pressure  it  ^  pip,  and  temperature  v*ere  p,  and  T,  are 

the  critical  pressure  and  temperature. 

It  was  shown  above  that  the  variations  of  K,  and  Kp  with 
temperature  are  given  by  equations  (18.6)  and  (13.7). 

Integration  of  equation  (18.7)  gives 


In  /Cp  ~  —  y*  dT  const, 


where  Qp  =  Qp(7'). 

According  to  EIHCHOfT''s  equation 

T 

Qp  Qo  J*  dCpdT. 
0 


(18.16) 


10^ 


(18.17) 


According  to  KERNST  the  constant  of  integration  const  ==  A/  ,  vSiere  A/ 
is  the  difference  batvesn  the  oheKioal  constants  of  the  reacting  gases. 
They  can  be  detorninod  from  tho  vni^oui*  equation  for  the  cooled  reaction 
products  according  to  the  follovdng  t-elationship 


i _ So  —  Co 

— Aim-’ 


(18.18) 


uhare  So  Is  the  entropy  at  7=^0  and  ca^^^Cp  for  the  low  temper¬ 
atures  at  uhich  Tibratlonal  frequencies  are  not  Imroked,  but  rotational 
frequencies  do  occur. 

Introducing  expression  (18.17)  into  foxmula  (17.16)  and  Integrating, 
ve  obtain 


T  T 

=  f  4  575  y,  y*  Acp  A  7”-f  A/. 

0  0 

(18.19) 

For  the  solution  of  equation  (18.19)  A/  is  usually  established 
axperlAantally  and  the  heat  capacity  is  expressed  by  equations  of  the  type 
<;=;o  +  &7'  +  cP  +  -  tdiich  leads  to  appro^djoate  formulae  idd.oh  are 
not  sufficiently  accurate  especially  at  high  teaqperatures. 

Spectroscopy  and  theoretical  physics  make  it  possible,  hovever,  to 
estimate  themodynamio  functions  including  equilibrium  constants  to  an 
aoooraoy  far  exceeding  the  average  accuracy  of  the  usual  methods  used  in 
chemical  thermodynamics. 

Such  calculations  can  be  carried  out  today  for  various  reactions  up 
to  extremely  high  temperatures.  They  are  based  on  modem  methods  of  quantum 
statistics,  and  recently  have  found  increasingly  wide  applloatlon  in 
theoretical  calculations  oonneoted  with  the  determination  of  the  state  of 


coinbustion  and  detonation  products  and  also  of  shock-iiiave  parameters 
talcing  Into  account  the  processes  of  dissociation  and  ionisation  of  air 


uuap'vOr  o^lcu— UvCd  cccj^MjiOrlWju  constants  ox 

some  roactions  are  given  in  lablo  43  (O.IS  and  VON  EL33's  data). 

Reaction  eouations  of  eyploslve  breakdovm.  During  the  study  of 
explosive  reactions  for  convenience  all  explosives  are  divided  into  three 
groups  depending  on  the  proportions  of  oxygen  and  combustible  elements  in 
a  molecule  of  the  explosive  compound  (or  in  explosive  compositions): 

1)  explosives  with  positive  oxygen  balance,  l.e.  with  a  quantity  of 
oxygen  sufficient  for  complete  oxidation  of  the  combustible  elements; 

2)  explosives  with  negative  oxygen  balance  but  with  a  quantity  of 
oxygen  sufficient  for  complete  vaporlaationj 

3)  explosives  with  a  quantity  of  oxygen  insufficient  for  oomplete 
vaporization,  l*e,  with  an  essentially  negative  o^gen  balance. 

Eirst  group  of  explosives.  The  condition  oharaotarlzlng  organio 
explosives  of  the  general  fomula  CaH^OgN^  belonging  to  the  first 
groiq>  is 

2a  +  i-^c. 

^  (ia.20) 

A  typical  representative  of  this  group  is  nitroglycerine.  Here  ve 
refer  to  explosive  mixtures  computed  for  complete  oombustlon. 

Eor  a  mixture  of  organic  explosives  of  the  type 

CoHjO^Nd +  xCaiH,iOo,Nin 

where  the  first  substance  has  insufficient  o^^gen  and  the  second  has  excess 
oxygen,  the  value  of  x  is  easily  determined  from  the  condition 
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(IS. 22) 


20  +  4  —  ^  =  Jc  —  2a — 4)  • 

For  tils  Host  frequently  used  i-iici'eres  of 
ammonium  nitrate 

C<,H40^Na4-;iNH4N0, 

the  valwe  of  x  for  vdiioh  oompletenees  of  eonbustion  of  the  mixture  is 
aeoured  la  determined  by  the  espresslon 

jc  =  2a+4  — 

The  results  of  experimental  Invdstigatlons  showed  that  the  course  of 
the  reactions  of  espl  re  breakdown  of  this  group  corresponds  approx!'^ 
mately  with  the  principle  of  the  maximum  erolution  of  heat,  i.e*  the  oooled 
ei^loslon  products  consist  basically  of  the  products  of  oonqilete  combustion. 

Acoordlng  to  this  the  equation  for  the  explosive  breakdown  of  nitro¬ 
glycerine  can  be  written  in  the  following  formx 

C,H*(ONO,),  — 3COi,  +  2,6HjO+0,'26Oa+  l.SNaH-  Q. 

However,  at  the  moment  of  e3Q>losion,  in  spite  of  the  extremely  hi|^ 
pressure,  due  to  the  high  temperature,  partial  dissociation  of  the  products 
of  complete  oxidation  (OO2,  H2O)  and  the  fonoation  of  some  endothetoic 
compounds  (NO,  C2N2  eto.)  can  occur. 

For  ammonites,  the  final  tes^rature  of  e3Q>losion  does  not  usually 
exoeed  3000°K  and  these  processes  are  not  noticeably  developed.  For 
explosives  vdth  a  final  temperature  of  exg^losion  of  more  than  4000%  (for 
example,  for  nitroglycerine,  nltrogslatin,  etc.)  these  processes  acquire  a 
considerable  Influence. 


/7^ 


For  example,  for  nitrogelatin  consisting  of  nitroglycerine  and 
8^  colloxylin,  under  conditions  of  explosion  fo;;  rrhich  "freesinp-"  of  the 

corresponding  to  the  following  reacuion  equation; 

C)4,iHjj,8033,jNi»,8=  13«09C02  -|-Oi98CO  -|-  ll.lSHjO 

0.21  H,  +  O.OSCH,  +  0.70NO  +  0. 1 50a  4-  6,05Ni. 

From  this  reaction,  by  the  way,  it  is  evident  that  E^O  vindergoes  dis- 
aooiation  to  a  eonalderhbly  less  extent  than  C02* 

In  the  geziaral  case  during  the  theoretical  calculation  of  the 
composition  of  explosion  products  the  possibility  should  be  considered  cf 
the  following  reactions  ooourri.ng 

2COa  ^  *200  +  Oa, 

2HaO  *=t  2Ha+0„ 

N,  +  Oa^2NO. 

Then  the  reaction  of  explosive  breakdown  in  the  general  foxn  can  be 
eaqireased  by  the  equation 

CoHjOflNtf  xCOa  4-  yCO  4-  sOa  -t-  sHaO  4-  wHa  +/NO  +  niNa. 

To  detemine  the  unknown  quantities  we  set  up  the  following  eqmtdouss 

x+y^a, 

2x  4-y  4- 2z -H  a  4-/=  f> 

.  •  !> 
u-y-n>  =  -j^., 

/+2ffj==tf. 

lloreover,  for  the  equilibrium  constants  of  the  given  reactions  it  is 


possible  to  write: 


p-  -iP  ~ 


—  IL'Sls 

—  „  uP 


/» 
mz ' 


JLtL, 

n  jfl  ’ 


where  p  is  the  total  pressure  of  the  [^stea;  n  la  the  am  of  all 
the  gaseous  moleoules. 

The  number  n  in  the  given  case  is  datennlned  by  the  relationship 

nsax-\-y-\-u-^w-\-z-h-/-htn  =  ^a-^^’^d^-^(z— /n)> 

For  more  exaot  oaloulatlons  the  values  of  Kp  should  be  replaced  by 
values  of  K/  , 

The  pressure  p  starting  from  the  given  equation  of  state  oan  be 
esq^ressed  as  a  function  of  the  volume  v  (or  density  p  }  and 
temperature,  p  =>!(?,  T)  «  The  pressure  is  given  .by  the  oondltlone  of 
esploslon.  Because  it  is  assumed  that  the  e:q)losloa  takes  place  in  the 
voluzoe  of  the  charge  Itself,  then  p=‘Po>  where  pa  Is  the  initial 
density  of  the  charge.  If  we  start  from  the  equation  of  ideal  gases,  than 


£. 

n 


»0 


=‘froRT. 


Thus,  to  solve  the  problem  we  have  a  system  of  seven  equations  from 
which  it  is  possible  to  detenaine  uniquely  all  the  unknowns  knowing  the 
temperature  T  and  the  corresponding  values  of  f(,  or  Kf  .If  T 


is  tmknown,  then  taking  values  of  T  the  problem  is  solved  by  the  method 
of  successive  approximation. 

The  solution  of  this  system  is  rather  complicated  aod  req'oires  much 
time  even  in  the  case  starting  from  fundamental  relationships  for  an  ideal 
gas. 

However,  studying  the  equilibrium  oondltlons  of  oorresponding 
reactions,  vs  reach  the  conclusion  that  the  formation  of  nltrlo  oxide  NO 
and  the  dissociation  of  H2O  under  es^osion  conditions  can  be  neglected  in 
the  majority  of  cases,  which  does  not  reflect  in  any  way  essentially  on 
the  final  results  during  the  detenoination  of  the  thermal  effect  and 
speoifio  volume  of  the  gaseous  products  of  explosion.  In  this  case  the 
solution  of  the  problem  is  considerably  simplified. 

The  formation  reaction  of  nitrlo  oxide  NO  oooura  at  very  hl^ 
temperaturea  end  doea  not  depend  on  pressure  since  it  proceeds  without 
change  of  volume 

N0  5=t  ■jN,  +  |0,  +  21.4  kd. 

Let  a  and  b  be  the  initial  ooncentrations  of  nitrogen  and  ojQrgen, 

X  is  the  concentration  of  NO  in  the  equilibrium  mixture*  Then  the 
equlUbrlun  oonatants  are  ej^reased  by  the  relationship 


For  air  0  “*  0.792  and  b  “  0,208. 

The  variation  of  the  equilibrium  oonatants  with  temperature  is  shown 
in  Fig.  29.  The  data  referring  to  temperatures  above  3800°K  were  obtained 


by  extrapolation. 

Calculationa  show  that  for  corresponding  temperatures  and  relation¬ 
ships  between  nitrogen  and  oxygen  in  the  explosion  products  the  quantity 
of  nitric  oxide  formed  is  not  large  and  does  not  exceed  1-3?^  of  the  total 
volume  of  gases  at  4000^K. 

The  equilibrium  of  the  formation  and  dissociation  reactions  of  water 
vapour  was  investigated  la  detail  for  different  temperatures  including 
very  high  temperatures.  Let  the  reaction 

SHi-t-Oa  -iHaO 

occur  at  constant  pressure  and  temperature.  Let  us  express  the  equilibrium 
constant  of  this  reaction  by  the  degree  of  dissociation.  If  there  was 


Pig.  29.  The  variation  of  Kp  ’-dtb  temperature  for  the  reaction 

Ns  +  OaX2  2NO, 


initially  one  mol©  of  xrater  vapour  and  its  degree  of  dlesdoiation  is  a 


at  the  given  temperature,  then  in  the  equilibrium  mirfcujre 
moles,  ^!ii,  “«  iioles  and  ''o,  — "j 

Tho  total  nvEiber  of  moles  in  tbs  equilibritu,;  miiriure 


”ii,o  “  ( 1  —  «) 


•bo 


«=(i -«)+«+!•= 1+1. 

then 


ry  H»0 


i+T 


pi. 


jfip 


/’u.o 


(I-*)” 


(l-a)«(2  +  a) 


(18.23) 


Using  expression  (18.23),  it  is  possible  to  caloulate  cr  for  any  p 
and  T  ,  if  /c“*“  is  knovrn. 

The  variation  of  Kf  with  tes^rature  is  detezmined  by  laaana  of 
(18.16).  In  using  the  exact  quantum  formulae  for  beat  oapaoity,  it  has 


the  f  om 


I13SM3 

4.S75r 


6,24,  X  3688*  lO-" 
TM  ~  2*4.576 


T 


0,474*10“' 

0*4.575 


7* +  4.04. 


(18.24) 


For  the  rapid  determination  of  /Cp‘°  it  is  convenient  to  use  Tig,  $0, 
based  on  fundamental  data  due  to  LEWIS  and  VOIf  ELBE,  supplemented  by  other 
authors. 

Calculations  shovr  that  even  at  a  temperature  of  4000°K  and  pressure 
of  10,000  atm.  the  degree  of  dissociation  of  H2O  amounts  in  all  to  only 
4.00^  and  consequently  there  is  a  good  reason  for  neglecting  it  in 
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Fig.  '?0.  Variation  of  Kp 
with  temperature  for  the 
reaction  2H5  +  0,  mm  2h,o 

by  a  haa  the  form 


calculations  of  esq^losiva  reactions. 
The  variations  of  the  degree  of 
dissociation  of  water  (in  percent¬ 
ages)  with  temperature  and  pressure 
are  given  in  Table  44. 

The  equilibrium  of  the  formation 
and  dissociation  reactions  of  carbon 
dioxide 

2CO  +  0*  2C0» 

has  also  been  studied  thoroughly  at 
various  temperatures  and  pressures. 
The  equilibrium  constant  expressed 


mCO. _ /»' 

-(4+a)(i_.)»*  (13.25) 

Table  44 

Degree  of  dissociation  of  water  (in  percentages^  at 
different  temperatures  and  pressures. 


r,  ‘K 

P  (atn) 

1 

10 

lUU 

1009 

10000 

15  000 

20000 

aiooo 

100000 

2000 

2400 

2800 

3200 

3600 

4000 

4400 

4800 

5200 

0^0 

2.90 

9.6U 

23,80 

47,30 

80.60 

100,00 

loaoo 

100.00 

0.0200 

1.810 

4.440 

11.000 

31.400 

10.500 

69.600 

100.00 

100.00 

0.131 
0.62.1 
3,070 
6.130 
10.030 
18. /OU 
32.800 
50.000 
65.900 

0.0560 

0.200 

0.060 

3.3.10 

4.730 

S.CmO 

10.000 

23.200 

30.600 

0.0328 

0.160 

o.m 

1.3D0 

2.700 

5,070 

8,780 

13.510 

17.900 

0.0259 

0.134 

0.445 

I.IDO 

2.190 

4,010 

5.050 

10.730 

14.100 

0.032G 

0,117 

0,389 

0,063 

1.915 

3.600 

6,080 

9.880 

12.400 

0.0206 

0.106 

0.363 

0.873 

I. 740 
3.190 
6,520 
8.530 

II. 200 

O.OI&O 

0,309 

0.764 

1.620 

2.780 

4.B.'J0 

7,460 

9,800 

0,0125 

0.063 

0,207 

0.513 

1.002 

U/O 

8.330' 

5.000 

6.590 

b 

2  * 


2x-+-y+2z—i.  — 

^rCO, 

a  ’ 


can  be  writtsa,  viilst  n  =  N  +  z  ,  vhara  A^  =  a  +  -g-4-4  ; 

Pti  =  [(po,  T)  is  datertninad  frosi  the  given  equation  of  state. 

Table  46 

Degree  of  dissociation  of  CO*?  fin  percentages) 
for  ‘different  temperatures  and  pressures. 


p  (fttn) 

r*K 

' 

sooo 

3000 

mi 

1000 

0.0353 

0.136 

27,260 

10000 

0.0164 

2.356 

12.CS0 

30  000 

0.0113 

1.975 

8.700 

50000 

0.0096 

1.665 

7.400 

100  000 

0.0076 

_ 

1.330 

5.610 

The  equation  of  state  p  (v  —  a)  ^7*  can  be  used  for  applioation 
to  combustion  processes,  in  this  case  p-^  ’  where  a  is  the 

co-volme.  For  explosive  processes  occurring  in  &  detonating  form,  the 
corresponding  equations  of  state  have  such  a  complicated  form  that  in  their 
turn  they  lead  to  rathor  cumbersome  expressions  for  the  equilibrium  constants. 

Moreover,  it  must  be  noted  that  the  equation  of  state  due  to  LANDAU 
and  STANYUKOVXCK  and  others  (for  example,  JONES)  in  the  majority  of  oases 
leads  to  someijhat  excessive  values  of  the  detonation  velocity. 


/“JO 


To  avoid  these  complications  it  is  expedient  to  proceed  in  the 
following  way.  The  quantity  pu  ,  tfiich  in  the  given  case  is  tl'^e 
average  pressure  of  the  explosion  products,  on  ''instantaneous”  detonation 
can  he  expressed  quite  simply  in  terns  of  the  detonation  velocity  (see 
Chapter  VII) 

/»»==TPo^‘ 

The  detonation  velocity  can  be  determined  e:q:erliaentally  easily  and 
with  great  accuracy  and  is  known  for  the  majority  of  explosives. 

In  this  case  the  expression  for  the  oonstant  takes  the  foUovilng  form: 


IT  i  y-ifoD* 


(18.26) 


The  solution  of  this  system  reduces  to  the  solution  of  equations  of 
the  third  degree. 

As  an  example  ue  will  calculate  the  composition  of  the  ej^loslou 
products  of  a  stoichiometric  loixture  of  heptane  and  tetranitromethane 


xC  (NOj)4  -|-  C7Hif 

Using  expression  (18,22),  we  find  that  x  «  3.50  which  corresponds 
to  the  folloTiiing  proportion  of  eosponents:  tetranitromethane  67,8%  and 
heptane  12,2%. 

Let  us  now  depict  the  reaction  of  e:q}losive  breakdown  in  the  follovdng 
form  (for  1  kg  of  mixture): 

Cl3,ljH2fl^2o035^,oNl7,(jO  =  XCOj  -^2^02  '4“  UH20  Qo. 


From  experiments  it  is  known  that  for  this  mixtiure  the  detonation 


/f/ 


valooity  D  -  7380  m/aoc  and  the  doi.jity 
C-jiisequently, 


00 


1,40  g/qm-’. 


p.-- 


1.40.7AT--10S 


:  97400  kg/oa!^; 


A/  =  a  +  4  +  4  =  32.18; 
/j==32.18+z. 


A  temparaturs  T  =  4200®K  is  assiined  for  Vnloh  ^“'=6 
determine  the  unknowns  vs  set  up  the  following  equations: 

a;4->'  =  13.13. 
tt==Y“ 

2x‘^y  Ssf  36i36» 

®= j =8.95, 

j'»j;x97‘100  « 

j(«(32,18  4  *) 


Solving  the  system  with  respect  to  at  ,  we  obtain 

jt®+<y+Oiy— <=0. 

where 


c"  +  2a  —  Mc"-:2NM 
1-Af  ’ 

d'  =  c  —  a — u; 


2ac"  +  «»  . 

1  •  “» 


' 


a’e"  . 


To  solve  this  equation  we  Introduce  a  new  variable  by  jappc^I 

a, 

Af'  =  a:  +  -g-  I 


then  our  equation  can  be  reduced  to  the  form 


;c'’— 1,3a:' +10.0  =  0. 


Applying  CAi^DAN'a  foMiula  to  find  the  roots  of  th--  aquation,  ue 
obtain 

+  = — 2.18  and,  consequently,  ,x  =  10.02i  y  =  3.11-;  2=1.55. 

Thus,  at  3"  =  42C0°i£  wa  will  have  a  reaction  equation: 

Qj. 14^20, 2(|0)3i),3iiNi7,«O  ““ 

,10.02  CO,  +  3. 1 1  CO  +  n .  lOUjO  + 1 .55  0, +8.95N, + <3,. 

We  will  check  the  validity  of  the  selected  temperattire ,  The  heat  of 
forjaation  of  the  e^qjlosioa  products  equals  kcalAs*  TJi®  liea't  of 

formation  of  the  mixture  equals  22.4  kcalAs*  heat  of  eixplosloa  equals 
1743  kcalAg*  For  this  heat  of  explosion,  an  estimate  of  the  final 
temperature  of  explosion  gives  T  =•  4750®K. 

Tho  temperature  obtained  differs  essentially  from  the  selected 
temperature  so  that  it  is  necessary  to  repeat  the  calculation,  Kow  we 
will  assume  T  =  4500®K  at  which  »  9.60.  For  tho  solution  of 

this  problem  we  will  have  the  following  system; 


A:+y=13.13, 

H  =  ■1-  =  1  l.lO. 

2x  -f~  y  ^  u  “f"  =  36.36' 

'W  =  ^  =8-95, 

y»2, 97-100 
(32,18 +  2)  ’ 


>Moh  leads  to  the  equation 


X'*  — 2a:' +120  =  0. 

Solviciij  this  equation,  wo  deteraine 

;c  =  A.-' + -i  =  —  4.80  + 8,00, 

^~5.13,  2:  =  2.06. 

For  this  composition  of  explosion  products  Q„  “  1528  kcal/kg;  T  *> 
4550®K  wiiich  is  close  to  the  solected  tenparaturo. 

Thus  the  reaction  equation  of  explosive  breakdown  of  the  mixture  can 
be  taken  to  be 

^is.ul^ao, 20^3(1, “  8.00  CO2  +  5.13  CO.  +  1 1 .  *  1  HjC  + 

2.06  O2  +  8.05  Nj  +  icwas/*^. 

Second  group  of  exnlQsivea.  It  is  not  possible  to  draw  an  exact 
line  between  the  second  and  third  group  of  explosives.  One  and  the  same 
explosive  dejpendlng  on  the  conditions  can  detonate  either  with  the 
formation  only  of  gaseous  products  or  with  the  partial  separation  of  free 
carbon.  On  increase  of  the  charge  density  (ihich  is  equivalent  to  an 
increase  In  the  detonation  presstire),  other  conditions  remaining  the  same, 
the  probability  of  the  formation  of  free  carbon  increases. 

The  form  of  explosive  decomposition  also  exerts  a  strong  influence  on 
the  character  of  the  explosion  products.  Thus  nitrocellulose  powders  under 
normal  conditions  of  application  belong  to  the  second  group j  during 
detonation  they  separate  outoa  certain  quantity  of  free  carbon,  i.e.  they 
behave  under  these  conditions  similarly  to  e:kPlosives  of  the  third  group. 

As  the  oxygen  content  in  a  molecule  of  explosive  (or  molecules  of 

/5y 


mixtiire)  decreasea,  then  the  reaction 


2CO  5=?-  c:o,+c. 


acqiolroa  a  greater  significance  and  the  probability  of  carbon  separation 


increases. 

However,  there  exist  a  number  of  explosives  with  pioportions  of 
oxygen  and  combustible  elements  in  the  molecule  sucsh  that  they  definitely 
belong  to  the  second  group  under  any  conditions.  Typical  representatives 
of  such  explosives  are  PSTN  and  Hexogen  in  vMch  only  gaseous  products  are 
always  formed  during  their  explosive  decosposition. 

For  explosives  of  the  type  C„H(,OoNd  the  charaotarlstlo  criterion 
which  shows  that  they  belong  to  the  second  group  la 


t 


(18.27) 


This  criterion  is  not  satisfied,  for  example,  by  the  majority  of  the 
nitro-derivatlves  of  the  aromatic  series,  including  Trotyl,  xylyl  etc. 
Picric  acid  and  Tetiyl,for  which  this  condition  is  fulfilled,  detonate  at 
large  densities  with  separation  of  a  noticeable  quantity  of  free  carbon. 

On  the  basis  of  analysis  of  experimental  data,  MALLAHD  and  LS 
GHATELIHE  proposed  an  approximate  rule  for  the  .determination  of  the 
composition  of  explosion  products  applicable  to  esqsloslvds  with  a  negative 
oxygen  balance.  Here  they  started  with  the  following  hypothesis.  At  the 
moment  of  explosion  only  products  of  direct  oxidation  are  formed,  namely, 
the  oxygen  first  oxidizes  the  carbon  to  CO  and  its  remaining  portion  is 
divided  equally  betiasen  Hp  and  CO  as  a  result  of  vMch  CO2  and  H2O  are 
partially  formed.  According  to  this  law  the  approximate  equation  of 


- >■  C\_iO  "  % 


“T*  ^  “•“  0  tOl'j  jW  •“"*  V«0i  .;i  ",  ••  —  A^, 


\ 

which  on  the  v/hole  reflecta  quite  closely  the  actual  cosiposition  of  the  n 
e^^jloslva  products  of  ?ETN.  Kowaver,  for  a  nuober  of  other  e^qilosives  the 
application  of  this  rule  leads  to  a  considerable  discrepancy  betv/een  the 
results  of  theoretical  calculation  and  the  composition  of  explosion  products 
established  experimentally.  The  discrepancy  Is  explained  above  all  by  the 
fact  that  the  principle  itself  of  equal  distribution  of  oxygen  betvieen  CO 
and  H2,  accepted  by  these  scientists,  is  not  substantiated  and  is  baaed  on 
the  rule  of  greatest  evolution  of  heat,  according  to  vMch  both  the 
reactions 

2C0  4-Oa — ►  2COa -{-2x68.1  koai, 

2Ha  -f-Oa  — *  2HaO -|-2x68,3  , 


(for  liquid  water)  are,  for  example,  equally  probable. 

It  is  evident,  hovi^ver,  that  for  the  saxse  pressures  and  temperatures 
dissociation  of  CO2  is  developed  to  a  considerably  greater  degree  than 
dissociation  of  H2O,  so  that  the  reaction  of  E2O  formation  will  prevail 
over  the  reaction  of  CO2  fomation. 

On  the  basis  of  these  arguments  and  the  analysis  of  results  of  rigid 
calcul. -.tions  on  the  equilibrium  states  between  explosion  products^ 

BRIMUiEI  and  I>jILSOE  developed  a  rule  for  the  approximate  determination  of 
an  explosion  reaction  by  considering  it  possible  to  negleot  completely  the 
dissociation  of  water  vapo\ir. 

For  exqjJ.osives  satisfying  the  condition  a-f-Y>-c>c 


the 


approxiaats  equa-iion  o?  explosive  dacortposition  has  the  form 


n-  Y j  CO  4-  Ni. 

Applied  to  Hexogen  and  PSTN  this  rule  gives 

C^HcOeNe  — >  3H,0  +  3C0  +  3Ns, 

C(CH,ONOj)4  — ♦  3COj  +  2CO  +  4HjO  +  2Na. 

For  a  conparatlve  estimate  of  the  approximate  method  data  are  given 
in  Table  46  of  the  composition  of  the  explosion  products  of  PETN  obtained 
experimentally  under  conditions  of  extrexoely  rapid  cooling  and  also  based 
on  the  theoretical  calculation  of  equilibrium  states. 

Table  46 

The  composition  of  the  explosion  products  of  PETN 
in  moles  per  gram-aoleevla  of  explosive. 


->41-1,0  + (c-n- 


yJcO.- 


[2a- 


Ostonatloa 

products 

Approxiaatt 

oosposition 

Cospooltion 
dorlTod  froa 
squillbrium 
data 

'Coaposition 

.derived  troM 
sxperlaeatcJ. 
data 

CO, . 

3<3^=>) 

3.1 

2.9 

CO . 

2(1.5) 

i.y 

2.1 

jjjO . 

4(3.0) 

•’S 

3.5 

. 

-  (0.5) 

0.5 

. 

2CA0) 

0 

1.8  . 

NO . 

0.4 

Prom  Table  46  it  is  evident  that  the  approximate  equation  in  the 
given  case  is  in  satisfactory  agreement  with  the  experimental  results  and 
theoretical  calculation  (in  brackets  the  data  are  given  which  wesre  obtained 
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aoco:, -Cling  'io  Ki/iLLiIRD  and  L3  CHiTELIEH's  method), 

iho  banic  e:rolosion  products  of  eccplosives  of  the  second,  group  are 
COo,  K2O,  CO,  Ho  and  Koi-eovor,  for  explosives  close  to  the  first 
group,  insigr-iflcant  quantities  of  O2  and  HO  can  b©  found  in  the  ecqjlosion 
produots,  Hogleoting  these,  tho  reaction  of  explosive  transformation  can 
be  ex-x-sssed  by  tho  equation 

CaH^O.N,^  =  x  CO.  +  y  CO  +  r  +  «  H.O  +  ~  K,. 

Tlvo  relationship  batwoen  00,  COg,  E2O  and  H2  can  evidently  be 
detoru'JLned  from  the  V/’ator  gas  equilibrim: 


CO  -}-  H..0  tni  CO.  —  H.. 

To  find  the  unknot/ns  the  follouing  equations  can  be  set  up: 


x+y  =  a, 

2x-ry-i~u  =  c, 

Z  -j-ii  =-|., 

A|,  —  Ao  —  . 

Thcequilibriici  reaction  of  ireitsr.gaa  proceeds  without  change  In 
volume,  therefore  Kp  —  Ko  —  Kw  . 

Given  the  final  temperature  of  e>5)loBion  Ti  ,  we  find  from 

the  graph  (Fig,  32),  This  graph  is  based  on  specific  data  for  up  to 

T  =  3S0C®2  and  extrapolated  for  higher  temperatures.  The  solution  of 
the  system  reduce a  to  the  solution  of  a  quadratic  equation. 

Having  deteimincd  the  values  of  x,  y,  z  and  .u  ,  the  decomposition 
aquation  of  the  given  explosive  is  set  up  and  the  corresponding  temperature 
7j  is  calculated  from  the  composition  of  the  explosion  produota.  If 


Fig.  32.  The  variation  of  Ku,  with  tonporatijr©  for  the  reaction 
CO  -f-  COg  -|“  Hj. 

the  difference  fi—Ji  is  not  large,  then  the  composition  of  products 
obtained  is  taken  to  be  the  desired  composition.  If  this  difference  is 
large,  then  a  new  temperature  is  tal^n,  usually  and  the 

calculation  is  repeated. 

For  the  Initial  choice  of  the  temperature  Tj  it  is  convenient  to 
determine  this  starting  from  the  appromimate  reaction  equation  of  the 
given  explosive.  We  will  e:cplain  the  method  of  calculation  hy  means  of  a 
concrete  example.  We  will  determine  the  composition  of  the  explosion 
products  of  Hexogen. 

The  approximate  equation  for  the  explosive  reaction  of  this  esQslosive 
is 

CjHoO.No  — )--3HjOH-3CO+3Nj-t-Q,. 

/f9 


Deteriiiiiir.2  the  final  temperature  of  explosion  from  this,  wa  find 
that  T^Z7Q(j°K. 

V.o  tahs  a  tc'iXparaturQ  Ji  — 3S00°K  ,  for  which 

rr«,  =  S.30. 

Now  VG  write  the  equation  for  the  explosive  deoompo action  of  Hexogen  in 
the  form 

COji  "1“^  CO  "4^  a  HjiO -|- r  Hj 

To  find  the  unknowns,  we  have 


x4*^  =  3. 


2x-\-y-ru 
tf  +  Z 


xz 


t 

\ 


Solvi.ng  this  system  with  respect  to  x  ,  ue  find  that 

^  10.3 
or 

9.3x»H-6r  — 9  =  0, 

vienoa  x  =  0,76j  i/  «  2.24;  u  “  2,24;  z  0.76. 

Thus,  for  7’  =  3800‘'K  the  composition  of  the  explosion  products  will 
be 

C.HoOoNs  — >  0,76 CO, -|-2,24 CO  +-2,24 H,0  +0,76  H,  +3!^. 

Let  ua  verify  the  validity  of  the  selected  temperature 


'Heat  of  foraatloa  of  explosion  produots  9i,3  260.4  Iccal 

Heat  of  foraation  of  Hoxogon  ....  O, ,  =>  —  20.0  fcoal 

Heat  of  explaeiou . .  281,3  Jccal/DOle. 


Determining  the  temperature  of  explosion,  we  obtain 


1^0 


r,  =  3760*K,, 


vdiioh  la  oloae  to  tha  given  tanper&ture.  Thus,  tho  reaction  described 
oon  be  taken  as  the  equation  of  e;qploslTe  decomposition  of  Hexogen* 
Starting  from  this  reaction,  we  also  detenolne 


281,7  •  io> 


r  1270  koaJAs'*!^  Va 


».41.9>1000 
- ^TT— 


910  t  /kg. 


Third  groun  of  exnloelves.  This  includes  organic ' esqploslves  with 
essentially  negative  oxygen  balanhe,  the  exploaion  products  of  vhlob  can 
oontain  free  carbon*  The  decisive  criterion  for  an  ej^osive  to  belong  to 
the  third  group  ia 


(18*28) 


As  has  already  been  stated,  it  is  not  possible  to  draw  an  exact  line 
between  the  second  and  third  groups. 

The  orlterlon  (18.28)  should  be  accepted  only  ia  the  case  vhea  the 
e:iqplosivea  satisfying  it  can  detonate  under  appropriate  test  conditions 
with  the  fornation  of  free  carbon.  These  conditions,  as  will  be  shown 
below,  can  be  detertninad  by  theoretical  oalocQation. 

Under  any  conditions,  the  third  group  includes  only  those  explosives, 
\diere  the  oxygen  in  a  wleoule  does  not  suffice  even  to  oxidise  this 
carbon  into  CO  (a  >ir);  *  A  typical  representative  of  these  explosives 

is  Trotyl. 

Ssplosion  products  of  the  third  group,  as  investigators  have  shown, 
consist  mainly  of  00,  HjO,  0,  N2  and  Insignificant  quantities  of  CO2  and 
E2.  If  the  latter  are  neglected,  then  the  approxinate  reaction  equation 


for  this  group,  aooordlug  to  BRINKLE^T  and  UIL30N,  in  a  general  form  will 
be: 

CaHiO.Nd  — ^  I  H,0  +(c  -  4)  CO  4- 

(a-c  +  4)c+4N,.  (18,29) 

(18.29) 

In  the  opinion  of  theae  investigators,  equation  (18.29)  oharaotexlssea 
sufficiently  accurately  the  composition  of  the  detonation  products  for 
high-density  explosives  and  in  the  majority  of  oases  gives  vary  close 
agreement  with  theoretical  data. 

Corresponding  to  the  eacpression  (18.29)  the  reactlotis  of  e:Q>loslve 
decomposition  of  piorio  add  and  Trotyl  should  be  written  in  the  following 
way* 

C,H,(NO0:OH  1.5HiO4-S.6CO  +  0.5C-M,5N„ 

C,H,  (NO*),  CH,  — *  2.5H,0  3.5CO  +  3.SC  1 ,5N,. 

It  is  interesting  to  compare  these  data  with  the  results  of  spedfio 
calculations  carried  out  by  BRIMKI£f  and  WILSON. 

In  calculating  the  equilibrium  state  for  the  explosion  produots  of 
Trotyl,  they  started  from  the  following  possible  reactions: 

'  H,q  -f-  CO  ^  CO,  +  Ha,  2NO  +  2Ha  ^  2H,0  +  N„ 

2CO  ’COa  +  C,  3Ha  CO  CH,  +  H,0, 

2Ha  •+-  0,  2HaO,  SH,  -f-  N,  5=t  2NH,. 

(Comparative  data  for  Trotyl  are  given  in  Table  47  (in  moles  per  1  kg 
explosive). 


As  ve  see,  the  agreement  is  satlsfactozT'  on  the  whole.  From  the  table 
It  also  follows  that  in  calculations  of  the  composition  of  escplosion  pro¬ 
ducts  for  this  group  the  formation  reactions  of  IIH3,  CH4,  NO  and  O2  could 
be  neglected  unconditionally.  In  this  approximation  the  reactions 
detezmining  the  composition  of  the  explosion  products  are 

,C0  +  H,0  COj  +  Hj, 

.  2CO  COa-t-C, 

The' latter  reaction,  the  so-called  gas  generation  reaction,  is 
heterogeneotis. 

Table  47 

The  composition  of  explosion  products  of  Trotyl  in  moles. 


Oatonaticm 

pre^sti 

Aosordlba  to 
bh»  approxiui* 
tquatioa  (16.29 

Aceoritina  t» 
octuiUbrina 
!  data 

H, . 

0 

0 

CO, . 

0 

1.02 

11.64 

CO  . 

15.77 

HiO . 

n,i2 

fi.67 

lu.06 

660 

0!  ,  ;  ;  ;  ;  :  : 

0 

6 

sh . 

0 

0.04 

CH, . 

0 

0 

Nil. . 

0 

0  04 

C  .......  . 

15.77 

17.32 

With  Increase  in  temperature,  the  equilibrium  of  this  reaction  is 
displaced  to  the  left.  The  high  pressures  oharaotezlstlc  of  detonation 
processes  permit  the  formation  of  solid  carbon.  Uhieh  of  these  factors 
predominates  can  be  established  in  each  concrete  case  from  calculation. 

The  variation  of  the  equilibrium  constants  of  gas  generation  with 


temperature  is  determined  from  the  formula 


los/Kp  =  —  4-  2.46731087’ — 

0.00108247+0,116. 10-*  r* +2.772 .■ 

(18.30) 

To  determine  Kp  it  is  convenient  to  use  Table  4$,  based  on  the 
relationship  (18.30). 

Table  48 

The  valuea  of  X.  for  the  reaction  200^00.4-0  +  41,2  koal. 


fK 

.'fp 

rrK 

1000 

1.815 

3000 

1462200 

ISOO 

,1908 

3500 

3944500 

2000 

5496 

4000 

1871fOO 

2S00 

39455 

4500 

188.‘«6000 

We  vlll  vnrlte  the  equation  of  explosive  deoo&^sltlon  for  explosives 
of  the  third  group  in  the  general  form: 

CoHjOflN^  ►  X  CO] + y  CO + u  HjO  +  z  Hj  +  vC  +  ^  Nj. 

To  determine  the  unknounS]  we  set  up  the  following  equations: 


x+y+'>=^a, 
z+»  =  |. 
2x+y+u  =  e, 


A'„= 


fix' 


It  is  evident  that  in  the  given  case 


/f/ 


The  magnitude  of 


is  determined  in  just  the  s&me  way  as  for  the 


first  group. 

After  appropriate  substitutions  the  last  equation  takes  the  form 


hr  — 

8 .  Wnx  * 


(18.31) 


Our  system  can  be  reduoed  to  an  equation  of  the  third  degree  of 
general  fom 


/  je*  4-  + Cj;  •+•  Z3  =  0; 


The  next  step  in  the  oaloulation  is  identloal  to  that  for  the  first 
and  second  groups. 

For  explosives  not  satisfying  the  condition  a>c  it  is  not 
possible  to  predetensine  earlier  vdietber  free  carbon  viU  separate  out  on 
detonation  or  not. 

To  obtain  an  answer  to  this  question,  ve  proceed  In  the  following 
way.  First  of  all,  the  oaloulation  is  carried  out  as  for  the  second  grosp 
assuming  completei  vaporization.  Having  obtained  values  for  .  x,  y,z  and 
u.  ,  the  temperat;ire  of  explosion  is  then  calculated  and  its  corresponding 
value  for  found. 

The  value  of  Kf  found  is  compared  with 


for  the  given  conditions  of  density  of  the  explosive  charge.  If 
than  it  is  easily  seen  that  solid  carbon  is  separated  out  (for  Kp  to 


bocome  eqtial  to  Kp  ,  the  value  of  y  should  decrease  and  the  value 
of  X  increase  which  is  connected  with  the  disturbance  of  the  equiJ ‘.brluai 
towards  the  side  of  separation  of  free  carbon).  If  K'p<Kp  ,  then 
for  the  given  conditions  solid  carbon  should  not  be  separated  and  the 
composition  of  the  explosion  products  found  can  be  considered  to  be  the 
real  composition.  The  average  detonation  pressure  p  ^  as  will  be  shown 
in  Chapter  VII,  equals 

p = Po  (x — 1)  Q»  •  10""* 

tdiere  is  the  isentroplo  coefficient  and  Q„  is  the  heat  of 

explosion  of  unit  mass  of  explosive. 

Then  the  limiting  density  A)iiji  of  the  explosive,  at  which  the 
reaction  begins  to  occur  with  separation  of  solid  carbon,  can  be  estab¬ 
lished  from  the  equality  condition  K],=K‘p  f  wfaenee 

UpO  0.  • 

where  is  the  heat  of  e:iq)losion  referred  to  unit  mass  of  ex^oslve. 

From  this 


Kpitx 

■Poli^  yt  (»  —  Ij'Q, 


10'-  Ifi  »eoV®^’. 


(18.32} 


In  conclusion  we  will  consider  two  conorete  examples. 

Ibcample  1.  It  is  required  to'  calculate  the  composition  of  the 
explosion  products  of  Trotyl  at 

P(i=l,50  g/cB^  (Z3=a6500  n/aao')- 


Starting  from  the  approximate  reaction  equation,  we  are  given  a 


temporatui’Q  of  explosion  7  =  3000°  ,  at  which  /<«, 

1.46  X  10^ 


T'o  'u^O  *  W3  U  l1  V  Cn^  OQC^* 


=  7.4  and  » 


^-f-y+''=7, 

2a:+>'  +  »  =  6, 

z  +  «  =  2.5, 


2IL 

tx 


7,4. 


j^^_J07SOy^  „  jj. 


and 


Solving  this  system  of  eqioations,  we  find: 

.  y ts3 5,4;  x  =  0.16;  «=0.38:  z^2.V2 

I  ^ 

■*=:1,44. 

Let  us  prove  the  validity  of  the  selected  temperature. 


Ke&t  ot  formation  of  explosion  products  ,  .  ,a,  170.6  kcal. 

Beat  of  foraation  of  one  sole  of  Trpt/l  Qi,2«*  +  13  kcal 

‘  Heat  of  s^losloin . .  ,  .  .  ,  Q„  a  166,6  koeJ/nols. 


Deteioinlng  the  teagierature  of  explosion,  we  obtain  =  2150*  C 
or  7]=  2423°  K  ,  v&Lch  diverges  considerably  from  the  selected 
temperature.  We  repeat  the  calculation,  taking  7’  =  2700° K 
At  this  temperature,  Kw'  =•  7.0  and  K,  =  6*3  x  10^. 
Solving  the  system  of  equations,  we  find  that: 


and 


I  ■ 


y  ==  4,70;  jc  =s  0,52;  w  =  0.78;  z  =  1.72 
i  v  =  1.78. 

1^1 


For  this  composition  of  explosion  products 

Qi,3==  193.86  .kcs.1;  Q„=  180,86  .koal/nolo, 
vhancG  for  tho  tenporaturo  of  explosion  wo  obtain 

7'i  =  2673°K. 

This  temperature  is  very  close  to  the  selected  temperatiire.  Thus, 
the  temperature  of  explosion  can  be  taken  to  equal  2700‘^K  and  the  reaction 
equation  of  explosive  decomposition  of  Trotyl  at  po  *■  1.50  g/cm^  will 
have  the  following  form: 

CaH,(NOs),CH,= 

=  0.52  COj  -H  4.70  CO  •+•  0.78  H,0  -f- 1 .72  H,  + 1 .78  C  +  i  .5  N,. 

Example  2.  It  is  required  to  determine  the  limiting  density  of 
picric  acid,  at  which  (or  above  which)  detonation  will  be  accompanied  by 
the  separation  of  free  carbon. 

At  first  we  will  carry  through  the  calculation  for  the  composition  of 
the  explosion  products  on  the  assmption  of  complete  vaporization 

C«Hj(NO,)50H  — >  xCOj-f-yCO+«H*OH-zHa-i-  I.SN,. 

Vie  will  take  a  temperature  of  explosion  T  » 2900°  K  at  vMch  Ku 
»  7.20.  To  find  the  unknowns  we  write  down  the  following  equations: 

2x+y+u  —  7, 
z-l-y=1.5, 

The  solution  of  the  problem  reduces  to  the  solution  of  a  quadratic 


eqmtlon 


6.2a:2 -1-10.6;;  — 6  =  0. 


From  thl.3  va  datormina 


and 


x  =  0,46,  _j;==5.55,  tf  =  0,55 
2  =  0,95, 


Let  us  verify  the  validity  of  the  selected  tes^erature. 


Beat  at  foraatloir  or  e^Xosloa  produota  >  >  Qi,j  ™  221,76  koal 
of  f  onaation  of  oleplo  acid  C  i,j  “ 

Baatof  u^Xoaloa . Q„  19  174,96  koal. 

From  this  /  =  2648‘’C  or  r  =  2921»K. 

This  temperature  is  close  to  the  selected  temperature.  Thus  the 
reaction  equation  of  explosive  decomposition  of  picric  acid  viU  have  the 
form 

C,Hs  (NOa),  OH  =0.45  COa-f  5.55  CO  -1-0.95  H, -1-0.55  H^O  -1-1.5  Nj. 

I  At  7  =  2900°  the  equilibrium  constant  of  gas  geixeration  Kp’  ** 
5.63  X  105. 

Taking  ><  =  3  ,  according  to  formula  (18.32)  ve  determine  the 

limiting  density  of  picric  acid  at  which  (or  above  which)  its  detonation 
will  be  accompanied  with  separation  of  free  carbon: 

KpXn-W  S.eaxloexO.dSJtQiW  .  o/i 

1)Q“  5.6»*2xS00  x427*  9.81  “  ?«.”«  /» 

or 


£  19.  Mr;thod  for  the  eOTertoental  invastifration 


oy 


An  investigation  of  earilosion  products  really  means  the  doTiemLnation 
of  their  composition  and  voliiae.  For  this  purpose  a  given  quantity  of  . 
e^q^losive  is  exploded  in  a  special  bomb.  Then  the  explosion  products 
cooled  down  to  room  temperature  undergo  chemical  analysis. 

Fnilst  investigating  the  combustion  products  of  powders,  burning  is 
usually  carried  out  in  a  calorimetxdc  bomb  which  makes  it  possible  to  com>- 
bina  this  investigation' iSth  the ~dete^]reS  of  the  heat  of  explosive 

decomposition. 

Ihcplosion  of  high  ejqilosives  is  most  frequently  accomplished  In  the 
bomb  shovm  in  Fig,  33  or  in  special  calorimetrio  bombs.  The  internal 
volume  of  the  bomb  for  explosions  is  20  1;  the  thickness  of  the  walls  la 
12  cm.;  the  bomb  is  designed  for  the  explosion  of  up  to  200  g  of  high  1 
e:q}loslve.  In  it  up  to  1  kg  of  pov/der  can  be  biu^ned.  The  bomb  is  covered 
vrlth  a  massive  lid.  To  guarantee  hencetio  sealing  between  the  lid  and  the 
bomb,  an  annular  lead  strip  is  fitted. 

The  explosive  charge  is  installed  in  the  bomb  on  a  wire  support. 
Ebqplosion  is  carried  out  by  means  of  an  electrodetonator  with  non-lnsulated 
leads  in  order  to  eliminate  the  effect  of  a  combustible  insulation  on  the 
composition  of  the  explosion  products. 

Directly  before  the  explosion  the  air  is  evacuated  from  the  bomb 
until  the  vacuum  is  of  the  order  of  a  few  mm  of  merouiy.  For  this  purpose 
the  bomb  possesses  a  valve  which  also  serves  as  the  exit  for  the  gases 
after  explosion. 


Fig.  33.  Bomb  explosions. 


The  explosion  products  are  cooled  and  the  g&ses  are  passed  into  a 
gasometer  to  determine  their  volme.  The  volume  of  the  gases  can  be 
detemlnod  to  satisfactory  accuracy  by  means  of  a  mercury  manometer  lAieh 
communicates  vlth  the  interval  voluble  of  the  bomb. 

The  voltone  of  gases  referred  to  a  temperature  O^C  and  a  pressure 
760  mm  Eg  Is  calculated  according  to  the  formula 


V  {p  —  w)x273M 

'  (19.1) 

v&ere  Va  Is  the  volume  of  dry  gases  referred  to  standard  conditions  (in 
litres),  V  Is  the  Internal  volume  of  the  bomb,  p  la  the  pressure 

of  the  cooled  gases  (In  mm  Eg),  w  is  the  pressure  of  saturated  water 

vapour  at  room  temperature,  T  is  the  temperature  of  the  cooled  gases 
(room  temperature),  a  is  the  weight  of  the  e^losive  to  be  exploded. 


M-  ia  the  weight  of  explosive  to  which  the  volume  refers.- 

The  q'oantitativa  compo-sitioa  of  tl'ie  gaaeous  txplciioii  pi’oiuct^  ic 
determined  by  the  usual  methods  of  gas  analysis.  For  tills  p'orpose  a  sample 
of  gas  is  taken  from  the  bomb.  The  analysis  is  based  on  the  successive 
quantitative  absorption  of  the  separate  gases  by  different  absorbents. 

The  following  are  used  as  absorbents: 

fot*  CO2,  an  aqueoua  solution  of  oaustio  potash, 

for  Q2t  ejn  alkaline  solution  of  pyrogallol  [1,2,3C^3(&H}^  ]  , 

for  GO,  an  ammoalacal  solution  of  cuprous  chloride  (CU2Cl2}> 

for  NO,  a  saturated  solution  of  ferrous  sulphate  (FeS04), 

for  NHj,  a  dilute  sulphurlo  or  hydrochloric  acid, 

for  K2«  H2  and  CH4,  sufficiently  good  absorbents  are  not  available. 

The  determination  of  and  CH4  is  usually  carried  out  in  the  following 
way.  After  absorption  of  the  enumerated  gases,  the  remaining  portion  of 
the  gas  is  mixed  with  a  measured  quantity  of  oxygen  and  is  burned  in  an 
e:q)loslve  pipette  by  means  of  an  electric  spark.  After  this  the  total 
Inorease  In  volume  Au  is  determined,  vMob  ooours  as  the  result  of 
the  reactions: 

2H,-+-Ot-.^2HA 
CH4-t-20a  — ►  CO,-|-2H,0. 

The  quantity  of  H2  and  CH4  ie  estimated  on  the  basis  of  the  following 
arguments.  From  reaotion  (a)  it  Is  evident  that  during  the  burning  of  two 
moles  of  H2  the  volume  of  gas  is  deoreased  by  three  molesj  if  there  were 
originally  x  volumes  of  E2  in  the  mixture,  then  the  decrease  in 


(a) 

(b) 


voliEiQ  duo  to  thcsil’  conbuatiou  chcu-ld  be 

From  reaction  (b)  it  follows  that  during  the  burning  of  one  mole  of  0ii4 
the  volume  is  decreased  by  two  molos;  if  there  ware  y  volumes  of  CH4 
in  the  mixture,  then  the  decrease  in  volume  due  to  their  combustion  will 
be 

A®  j  ass  2y, 

The  total  decrease  in  volume  after  burning  will  be 
A®  =  Ai/.  +  Ai.*  =  4x-f2y. 

ibere  Au  is  determined  by  direct  measurement;  y  equals  the  volume  of 
CO2  formed. 

Thus,  the  only  unknown  is  r  . 

The  quantity  of  N2  is  determined  either  as  the  difference  between  the 
voli&ae  of  mixture  taken  for  analysis  and  the  sum  of  the  volumes  of  all  of 
its  determined  constituent  components,  or  directly  by  measurement  of  the 
remainder  after  burning  and  absorption  of  the  CO2  and  02> 

The  exact  quantity  of  H2O  formed  can  be  determined  only  by  conducting 
the  test  in  a  boob  with  two  valves,  an  inlet  and  an  outlet.  For  this 
purpose  the  gases  are  passed  from  the  bomb  to  the  gasometer  through 
previously  weighed  tubes  filled  with  calcium  chloride.  After  this  a  stream 
of  carefully  dried  air  -s  passed  through  the  inlet  valve  into  the  bomb. 

The  quantity  of  water  formed  during  the  explosion  is  determined  by  the 
increase  in  weight  of  tbs  absorption  tubes. 

If  there  is  a  solid  residue  in  the  explosion  products,  then  it  can  be 

^^3 


oollocted  and  analysed  by  the  usual  methods  of  analytical  chemistry. 


In  the  cases  vhc-re  there  in  no  solid  rosf-dus  in  ”!'.g  orr-ilosion  nro- 

betwosn  tiio  vaight  of  the  exploded  explosive  and  the  total  weigau  of  all 
the  dry  gasas. 

Calculation,  according  to  the  results  of  gas  analysis,  of  the  number 
of  moles  of  separate  components  is  achieved  by  means  of  the  fommla 

„  -ifa- 

"'-KXH..  -  (19,3) 

idiera  €{  is  the  percentage  volume  of  the  given  gas,  ,0,  is  the  volume 
of  all  the  dzy  gas  (in  litres),  vo  is  the  molar  volume  equal  to  22.41  1 
at  OOC. 

The  number  of  moles  of  H2O  is  detatmined  from  the  formula 

f_sM 
“  l«a  ' 

where  s.  is  the  quantity  of  H2O  found  (in  grams),  a'  is  the  weight  of 
exploded  escploslve. 

On  the  basis  of  the  analytical  data  the  reaction  eqmtion  of  esqplosive 
decomposition  is  readily  determined.  Ue  will  espials  this  by  meana  of  the 
following  example.  - 

On  exploding  ^  g  of  a  cellulose  nitrate  containing  13.1^  nitrogen  . 
in  a  bomb,  33.76  1  of  dry  gases  were  obtained  (  p,  «  760  nm  Hg  and  t  « 
0®C).  they  oontainj  j 

■COa-21.77o:  CO-48,757oi  CH^-O.Sgo/o: 

H,- 13,26%  aid  Nj  — 16,70%. 

The  molecular  composition  of  the  oellulose  nitrate  is 

2oc/ 


and 


'M==  1120.5  g. 

The  volume  of  gaseous  e:q3lo3iou  products  of  a  mole  of  cellulose 
nitrate 

,y, 3,120. S  a  1. 
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Humber  of  moles  of 
C02 


756«S,.^.,^r.2 

100  X  22.41 


their  weight  equals  7.33  x  44  “ 
The  number  of  moles  of 

CO  - 

100  X  22.41 


=  7.33; 

322.5  g. 


16.46; 


their  weight  equals  16,46  x  28  »  461.0  g. 
The  number  of  moles  of 


CH4 


756. S  y  O^ii 

100  X  22.4L 


0.20; 


their  weight  equals  0.2  x  16  =>  3*2  g. 
The  number  of  moles  of 


H2 


21k:JLj!i.21uZk 

100  X  22.41 


“  4,48;  ■ 


their  weight  equals  4.48  x  2  °  9.0  g. 
The  number  of  moles  of 


No 


756.2_sJ,^J2 

100  X  22.41 


5.30; 


their  weight  equals  5.3  x  28  =  148  g.  '■ 


The  total  wolght  of  gases  equals  944.2  g. 

There  are  solid  substances  in  th  .;.losion  products  of  collv.'usa 
nitrate,  therefore  the  difference  between  the  weight  of  a  mole  of  cellulose 
nitrate  and  the  vraight  of  gaseous  products  could  be  taken  as  the  quantity 
of  water  formed  during  the  explosion;  its  wr  ght  will  equal  1120.5  - 
944.2  =  176.3  g  or  9.8  moles. 

As  a  result  of  these  calcifLationa,  the  reaction  equation  of  explosive 
transfonnation  of  cellulose  nitrate  will  have  the  form 


(0^02)19,5  = 

••=  7,33  CO2  +  16,46  CO  +0,2  CH^  +  4.48  Hj  +  5.3  Nj  +  9,8HjO. 
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Chapter  V ’ 


ELEMENTS  OF  IAS  DYNAMICS  .T-No.  1488e. 

S  20.  Eouatlona  of  gaa  dynamics. 

The  basic  equations  of  gas  dynanics  are  derived  from  the  laws  of 
conservation  of  mass,  of  momentum  and  of  energy'. 

In  all  the  following  arguments  whilst  considering  t^he  motion  of  a 
gaa  (fluid)  we  assume  that  the  moving  medium  fills  the  space,  i.e.  any 
small  volume  of  It  contains  an  extremely  large  number  of  molecules. 

When  speaking  of  an  Infinitesimally  small  volume  of  the  medium  we 
assume  that  It  Is  nevertheless  quite  large  In  comparison  with  the  length 
of  the  mean  free  path  of  the  moleoulss  In  this  medium.  Therefore,  ;dien 
considering  the  transfer  of  some  particle  of  the  medium,  we  should 
remember  that  in  this  osse  it  Is  a  question  of  the  motion  of  soma  fixed 
volume  containing  a  large  number  of  molecules  bux  which  Is  extremely  small 
In  comparison  with  the  volume  occupied  by  the  whole  medium. 

Also,  in  detezmlning  the  parameters  of  motion  of  the  medium,  we  will 
neglect  completely  the  processes  of  dissipation  of  c...wr^  which  can  arise 
in  the  medium  due  to  internal  friction  (viscosity)  and  uhe  heat  exchange 
between  the  separate  elements  of  the  medium  under  the  action  of  thermal 
conductivity.  Such  motion  Is  known  as  the  motion  of  an  ideal  fluid. 

The  absence  of  heat  exchange  between  separate  elements  of  the  fluid 
(and  also  between  the  fluid  and  the  extez^l  medium)  signifies  that  the 
motion  occurs  adiabatioally. 


The  motion  of  the  modlujn  (gas,  fluid)  can  be  studied  by  tw  methods 
-  the  LAGRANGE  method  and  the  EULER  method. 

The  first  method  reduces  to  the  determination  of  the  parameters  of 
state  (density,  preastire,  temperature  or  entropy)  and  of  motion  (velocity 
and  oo-ordinates)  of  eveiy  fixed  particle  of  the  medium  at  any  given  moment 
of  time. 

The  second  method,  on  the  other  hand,  reduces  to  the  detezvu.ziation  for 
evezy  given  point  in  the  space  of  the  variation  of  cited  parameters  i«dth 
time;  in  other  words,  all  the  parameters  of  the  medium  are  considered  as 
functions  of  the  co-ordinates  and  time,  i.e,  as  functions  of  tho  fo'.i.;- 
arguments  x,  y,  z  and  t  ,  the  so-called  Euler  variables. 

Belov,  we  will  give  the  result  of  the  basic  equations  of  gas 
dynamics  In  Euler's  form,  idilah  are  more  convenient  for  the  study  and 
solution  of  the  problems  connected  with  the  gas-.dynamios  of  an  explosion. 

Wc  will  consider  first  the  lav  of  conservation  of  mass.  At  a  time  h 
let  us-  consider  an  infinitely  small  volume  of  liquid  ito  vMch  at 
time  t  changes  into  the  volume  St  .  Since  during  the  motion  of  a 

fluid,  the  quantity  of  a  substance  should  ressaln  unchanged,  then 


Po8Tc=ip8t  =  const,  (20  1) 

idiere  po.  and  p  are  the  densities  of  the  fluid  at  times  k  and  t 
respectively. 

Taking  the  tptal  derivative  of  (20.1)  with  respect  to  time  we  obtain 


di  ^  ltdt 


1  T\~dt~  expresses  the  rate  of  the  corresponding 


The  magnitude 


volumetrio  expanslos  of  the  fliild  in  the  nel^bourhood  of  the  gl7en  point 
and  equals  the  divergeuoe  of  the  velocity  at  this  poiht;  consequently,  ue 
vill  have 

+pdiv»  =  0. 


From  vector  analysis  it  is  known  that 


divo 


da  ,  dv  ,  dw 
dx  "T  ■57* 


Consequently,  in  .Cartesian  co-ordinates,  we  have 


,  i  da  ,■  du  ,  dv  ,  dw  n 


(20.2) 


This  expression  is  the  equation  of  oontinuity  in  Euler's  variables. 

Ve  will  ttum  now  to  the  result  of  the  equation  characterizing  the  lav 
of  conservation  of  iaonentuB.  For  this  purpose,  we  will  isolate  some 
volume  In  the  medium,  assuming  that  the  medim  is  not  acted  upon  by 
external  forces.  Let  p  be  the  pressure  in  the  medium,  then  the  total 
force  acting  on  the  whole  surface  '  f  of  the  isolated  volume  due  to  the 
medium  surrounding  it  equals 


Transforming  this  Integral  into  a  volume  Integral  according  to  the 
Ostrogradskiy-Oauss  method,  ve  have 


—  ^  — 


From  this  it  is  evident  that  in  each  element  of  volume  dv  a  force 
grad  pdv.  acts,  tdiilst  a  force  [grad  p.  acts  on  unit  volume  of  the 


medium. 


Va  can  equate  this  foros  to  the  product  of  the  mass  p  of  unit 
volume  of  the  medium  and  the  acceleration  ~  ,  i.e. 

(20.3) 

IThe  derivative  .  is  the  acceleration  of  a  given  paid:icle  of 

the  medium  moving  in  apaoe  and  not  the  acceleration  at  a  given  stationary 
point  in  space.  To  determine  the  acceleration  of  a  particle  at  a  given 
fixed  point  in  apaoe  we  express  the  derivative  ~  according  to  the 
formula  of  vector  analysis 

■  ■ _«+(.?)., 

(20.4) 

The  first  tenn  of  the  right-hand  side  of  this  equation  defiises  the 
aocelerstion  at  a  given  point  in  space  for  constant  ;x,  y  and  ;z  ,  and 
the  second  term  is  the  acceleration  due  to  the  change  in  velocity  (for  a 
given  moment  in  time)  on  transfer  from  the  given  point  in  space  to  a  point 
separated  from  it  n  distance  J/  ,  traversed  by  the  particle  in  time 
dl  . 

Ueing  (20.3)  WB  can  now  represent  equation  (20.4)  in  the  following 

fozmi 


^-h(vV)v-i-^gradp=0. 

'  (20.5) 

Equation  (20.5)  is  the  required  equation  for  the  motion  of  the  fluid, 
also  known  as  the  Suler  equation. 


We  will  now  derive  the  eqtiatioii  charactariaing  the  law  of  oonasrvation 
of  energy.  It  has  already  been  stated  earlier  that  we  will  consider  only 
adiabatic  motion  of  the  medium.  For  adiabatic  motion  the  entropy  of  each 
particle  of  tha  fluid  remains  constant. 

Denoting  the  entropy  relative  to  unit  mass  of  the  medium  by  5  , 

we  can  express  the  condition  of  adlabatio  motion  of  the  medium  in  the  form 


vdiere  xt'  are  the  co-ordinates  of  a  particle  at  a  given  point  in  space 
(  j  ■■  1,2,3),  then  the  condition  of  adiabatic  motion  in  Suler  form  oan 
be  written  in  the  form 


'■Tf+t>gradS  =  0. 

(20.7) 

If  at  some  initial  moment  the  entropy  for  all  the  particles  of  the 
medlitm  were  Identioal,  then  due  to  the  adiabatlo  process  they  remain 
constant  during  the  further  motion  of  the  medium.  In  this  oase  the 
condition  of  adiabatlo  motion  takes  the  fom 

S==i5o= const.  (20.8) 


X/l- 


This  motion  is  known  as  16antropic. 


Combining  the  basic  equations  derived  by  us  with  the  equation  of 
state  of  the  form 

p  =>}.■(?;  T) 

or  the  equation  of  state 


>=p(p;  ■SO. 

we  obtain  the  closed  system  of  equations 


(20.9) 


-4-divpo=0, 

^  +  (t»V)  o + 1  grad  ;» =  0, 

:  -If +  ograd^=0. 

I  />=‘P(p:  S), 


(20.10) 


deteininlog  for  gives  Initial  and  boundary  conditions  the  parameters 
V,  p,  p  and  5  (or  T  )  characterizing  the  motion  and  state  of  the 
fl\iid  (gas)  as  functions  of  r  and  t  . 

Ve  will  now  transform  the  equations  of  gas  dynamics  from  the  veotor 
form  to  the  co-ordinate  form  in  lAioh  they  are  more  convenient  for 
solution  and  study. 

In  the  orthogonal  system  of  co-ordinates  the  basic  equations  of  gas 


dynamics  take  the  forai 


‘S7+tt-|j  +  w^  +  ®-g+y^=0, 

I  „  flw  I  -,  i»  i',,,  Sa  I  J  dp  _n 

•3r  +  “'3I+®-37  +  ®-17+^^“"°’ 

_!_«  _l-«  ^-S  ^-S  A 

•ar +“  17 + ®  17 +®  *37  ”  ®' 

;>=.;»(?;  S), 


I  dp 


(20.11) 

v&ere  u,  o  and  w,  slgni^  the  projeotlone  of  the  relooity  i  '  on 
the  x,  y  and  •z  azea. 

In  the  oaaes  vhen  the  parametera  detezminlng  the  notion  and  atate  of 
the  medium  depend  on  the  time,  l.e.  idaen  in  a  given  region  of  apace  these 
parameters  change  with  time,  the  motion  of  the  medium  is  said  to  be 
unsteady.  On  the  other  hand,  In  the  oases  adien  the  parameters  of  the 
moving  medium  at  eveiy  given  point  in  spaoe  remain  unchanged  with  time, 
the  motion  la  said  to  be  steady.  It  is  evident  that  all  the  partial 
derivatives  with  respect  to  tine  in  our  equations  become  zero  and  the 

I 

system  of  equations  (20.11)  are  considerably  simplified. 

Uhilst  studying  later  the  phenomena  connected  with  the  detonation  of 
explosives  and  the  effect  of  an  explosion,  we  will  be  concerned  mainly 
with  the  unsteady  motion  of  a  ^a. 

In  mai^  oases  of  motion  of  the  media  their  density  can  be  considered 
to  be  imohangsabla,  i.s.  constant  throughout  the  whole  volume  of  the  fluid 
during  the  idiole  time  of  motion.  It  is  said  that  this  motion  is  that  of 
an  incompressible  fluid.  In  this  case  the  general  eqiuttlons  of  gas 
dynamics  are  greatly  simplified.  In  fact,  if  p»i  const,  ,  then's  eaSgs 


and  all  the  partial  derivatives  of  the  density  become  zero.  We 
andve  at  a  aystem  of  four  equations  with  four  unknowns  (  u,  v,  m.  <  uj 

p,  },  of  which  three  equations,  the  Suler  equations  of  motion,  remain 
unchanged  and  the  aquation  of  continuity  takes  the  fom 

!  do  ,  dv  I  dw  rt 

(20,12) 

As  will  be  shown  below  (^pter  XIV),  vdillst  solving  a  number  of  problems 
oonnaoted  with  the  effect  of  an  esqplosion  in  dense  madia  (water,  earth, 
rook  etc.)  alraady  at  relatively  small  distances  from  the  source  of  the 
explosion,  the  compressibility  of  the  surrounding  madia  can  be  praotloaliy 
neglected  and  the  differential  eqtiatioas  for  an  incompressible  fltiid  used. 

We  will  now  introduce  the  concept  of  the  so-called  streamlines. 

These  axe  the  lines,  tHe  tangents  of  which  indicate  the  dlreotion  of  the 
velocity  vector  at  the  point  of  contact  at  a  given  moment  in  time;  they 
are  detexmined  by  the  system  of  differential  equations 

itx  df  dt 

u  B  “*  w  * 

For  steady  motion  of  the  fluid  the  streamlines  remain  unchanged  with 
respect  to  time  and  noinoide  with  the  trajectories  of  particles  of  the 
fluid.  For  unsteady  motion  this  oolnoldenoe  does  of  course  not  oocurj 
the  tangents  to  the  streamlines  give  the  direction  of  the  velocity  of 
various  particles  of  the  medium  at  successive  points  in  space  at  a 
definite  moment  in  time,  idiilst  the  tangents  to  the  trajectories  give  the 
direction  of  the  velocity  of  definite  partlolea  at  successive  moments  in 


time 


§  21. 


The  equationa  of  gaa  dynamios,  as  has  already  been  said,  are 
appreolably  simplified  In  the  oase  of  the  steady  flow  of  a  fluid  (gas). 
Uow  beoauae  equation  (20.5)  reduoes  to  the 


equality 


(eV)c-f  igradpsaO.^ 


(21.1) 


We  transform  this  equation,  using  the  well-known  thetnodynanlo  relatiou- 


I  ai=>TdS+-^, 

p 


%iier9  i  Is  the  haet  content  of  the  nedlnm» 


(21.2) 


In  the  ease  of  adlabatlo  motion  for  every  partlole  (along  every 
streamline)  — b|  and 


di^ldp. 


It  Is  also  known  from  vector  analysis  that 


(vV)  o  =»  grad  g*  —  \v  rot  e]-, 


(a.3) 


(21.4) 


where  q  =  Vu*+v*+iii*  is  the  absolute  value  of  the  flow  velooity. 

Taking  Into  aooount  equalities  (21.3)  and  (21.4)  we  oan  now  rewrite 
equation  (21.1)  In  the  form 


grad  -f-  /)  =  [t>  rot  p). 


(21.5) 


The  veotor  ]protv{  Is  perpendicular  to  the  velooity  .o  ; 
therefore  Its  projection  on  the  direction  perpehdioular  to  the  streamline 
equals  zero  at  every  point  of  it.  From  this  it  follows  that 


(21  e  6) 


■^  +  i  =  const. 

Equation  (21.6)  is  known  as  Bernoulli's  equation. 

Ve  note  that  the  value  of  the  constant  differs  generally  speaking 
for  different  streaiiillnes.  In  the  case  of  isentroplo  flow  the  values  of 
the  oonetant  are  identical  for  all  the  streamlines  and  Bernoulli's 
equation  takes  the  taxa. 

i  -Y  +  ^*“4  =  const, 

tdiere  14;  is  the  heat  oontent  of  the  nedltoa  in  the  state  of  flow. 


§  22.  One-dlmenaional  isentronio  motion  of  a  gas. 

The  theoxy  of  one-dlaensional  unsteady  motion  of  a  oompresaible 
medium  la  mainly  of  i^portanoe  for  the  explanation  of  the  physical  laws 
of  unsteady  motion  in  general,  and  in  partls^Ilar  It  pexnits  the  solution 
of  a  nutnber  of  oonorete  problems  oonneoted  with  the  definition  of  the 
parameters  of  motion  and  the  state  of  the  detonation  produota. 

In  the  oase  of  one-dimensional  motion  the  basio  equations  of  gas 
dynomies  can  be  represented  in  the  form 


dinp 


du 


dx 


=o; 

■  0. 


For  isentroplo  processes 

/  p  =  /jp» 

I 

From  (22.2)  it  follows  that  because 


(22,1) 

(22.2) 


vhe^e  c  ia  the  velooity  of  aoimd|  then 


and 


From  thla  ve  f Ind  that 


as  d  In  p  sa 


i.  Sri 

C=a(i4rt)’  p  *  • 


d\ac,' 


(22.3) 


(22.4) 

Subatltuting  from  (22.4)  the  value  of  dlnp  In  the  first  equation  of 
the  system  (22.1)  and  multiplying  it  term>by-tera  by  :c  ve  arrive  at  the 

expression 

de  ,  de  ,  n  —  l^du  n 

(22.5) 

Analogously,  using  (22.3)  <uad  (22.4),  the  ssoond  equation  of  ayotem  (22.1) 
can  be  written  in  the  foxn 


du  ,  du  ,  2  ^de  _n 

■dr+'^17  +  T=ri<>Tx=°' 


(22.6) 


Having  multiplied  (22.5)  lay  ond  adding  or  subtracting  it  from 

the  derived  equation  (22.6),  we  obtain 


0. 


(22.7) 


Taking  into  aodount  that 

c  J  fdinp, 

it  Is  possible  to  represent  our  qrstem  of  equations  also  In  the  form  of 


the  relationship 


crflnp)  +  («±c)-^(«:ir  f  cd\af)~0. 

(22.8) 

From  equations  (22.8)  and  (22.7)  it  Is  evident  that  the  given  state  of  the 
medium  defined  by  the  magnituda a  u-j^Jcdlap  or  ■  u  +  is 

propagated  at  a  velocity  u-jrc  in  the  positive  dlreotlon  of  the  \x 
axLe  with  the  notion  of  the  medium  and  the  state  defined  by  the  magnitudes 
u— fed  in  p  or  is  propagated  at  a  veioolty  u~c‘ 

against  the  notion  of  the  medium.  In  these  olreumstanoes  the  propagation 
of  a  disturbance  at  a  velocity  up  to  the  speed  of  sound  will  occur  both  in 
a  positive  and  In  a  negative  direction  along. the  x  moxLat  ^ 
velocity  above  the  speed  of  sound  distuxbanoes  will  depend  on  the  course 
and  their  propagation  will  occur  only  in  a  positive  dlreotlon  along  the 
X  -axis  (here  we  will  assume  that  the  origin  of  the  oo^ordinates  moves 
together  with  the  source,  of  the  disturbance).  Waves  of  one  dlreotlon 
encountering  waves  of  another  dlreotlon  will  Interaot  with  them  and, 
consequently,  the  propagation  of  waves  in  opposing  directions  will  not  be 
independent. 

Equations  in  the  font  (22.7)  are  espeolally  suitable  for  investi¬ 
gation.  In  the  ease  idien  the  index  of  isentropy  no 3  which,  as  will 
be  shown  below  (see  8  ^),  holds  for  the  greatly  compressed  detonation 
products  of  condensed  explosives,  the  system  of  equations  (22.7)  takes 
the  very  simple  torn 


(22.9) 


and  if  wa  denote  -u  +  c^a 


■  u  —  c  •=>  p  t  then 


JUn  =fl-  I  ft  =n 

3r  +  PTr  =  °- 


(22.10) 


The  solution  of  system  (22.9)  is 


x=‘(u+c)t+Fi(u  +  c),  \ 
x=(u—c)t-\-Ft(u~c),  I 

(22.11) 

uhere  /='i{u  +  c)  and  Ftlu  —  c)  are  two  arbitrary  functions  of 
s+c  and  u  —  c  respectively. 

The  solution  of  (22.11)  whidi  Is  the  general  solution  of  the 
differential  equations  in  the  oase  n»3  oan  be  written  oonvenlently 
in  the  form 

x^at+F^ifi);  x^?t+Fi(,?). 

(22.12) 

Analysing  equation  (22.9)  and  its  solution  (22.12),  it  is  possible  to 
oonolude  that  the  given  states  defined  by  the  magnitudes  u  +  C‘=*a  and 
u  —  c^p  are  propagated  in  the  medium  for  independently  of 

one  another.  This  is  also  shown  by  the  fact  that  the  magnitudes  d  atul 
P'  are  defined  in  equstioxis  (22.9)  for  given  initial  and  boundary 
oondltlons  quite  independently. 

Special  solutions.  Ve  have  established  above  that  waves  exist  in 
two  opposing  direotions,  whioh  in  the  general  oase  (n-T^  S)  interact 
with  one  another.  At  'p>=.Ap*  they  are  described  by  the  relationships 


(22.13) 


In  the  oase  ^en 


Ji:io 


(22.14a) 


«  +  c  =  const, 
2 

U  —  const, 

equations  (22.13)  are  satisfied  Identically. 
HaTlng  detercolned  from  (22.14a}  that 


de 
dx ' 


n—  1  du 
2  dx 


It  is  possible  to  reduce  equation  (22.6)  to  the  fom 


du  ,  ,  y  du  n 

■gr  +  («-c).-3;*0- 


Analogously,  having  detezoined  from  (22.14b)  that 

de  ,  n  —  J  da 


W 


i-w 


equation  (22.6)  oan  take  the  fozm 


•^  +  (tf +c)-^==0. 


(22.14b) 


(22.15) 


(22.16) 


(22.17) 


The  solution  of  the  system  of  equations  (22.15)  and  (22,16)  Is 

x  =  (u:izc)f  +  F(u), 

where  F(u)  Is  an  arbitrary  function. 

It  must  be  remembered  that  u  and  c.  are  oonneoted  directly  by  the 
relationships  (22.14a}  and  (22.14b).  In  the  general  .case  when  the  Isen- 
troplo  equation  has  the  fozm  p’=p{p)  ,  these  relationships  reduce 

tn 

adr  J  cd  In  p  =  const. 

The  solutions  given  above  for  the  system 


x~{u-\-c)t+Fi{u),  a---jj^c~const, 

0 

x~(u, — c)t+Ftifi),  «  +  =  const 


' (22.18) 


are  kaovn  as  speolal  solutions  and  describe  the  particular  case  of  wave 
propagation  in  only  one  direction.  These  waves  are  known  as  aiaiple  iravaa. 
We  will  study  these  waves  in  more  detail  using  the  method  of  character- 
istlca. 


§  23.  Charaeterlstles  of  the  equations  of  gas  dynamlos. 

In  a  statlonazy  medium  small  dlst^lrbanoe8  are  propagated  in  all 
directions  at  the  velocity  of  sound.  In  the  most  general  ease,  when  the 
medium  moves  and  the  velocity  of  the  zootlon  depends  on  x,  y,  z  and  t  , 
the  velocity  of  propagation  of  small  distxirbanoes  will  be  composed  of  the 
local  velocity  of  the  motion  of  the  medium  and  the  local  velocity  of  aouxid 
at  every  point  in  apace.  In  this  case  the  velocity  of  the  dlsturlMUioe 
will  be  defined  by  the  three  different  equations 


dy  . 

dt  , 


(23.1) 


^here  projections  of  the  velocity  D  of 

propagation  of  the  front  of  the  disturbance  on  the  corresponding  00- 
ordinate  axes  and  at,  as,  0,  are  the  direction  cosines  normal  to  the 


M2. 


surface  of  the  front 


The  solution  of  tha  system  of  eqTxations  (23.1)  for  given  initial 
conditions  of  motion  defines  some  hyper- surf  aco 

(23.2) 

which  Is  the  surface  of  the  front  of  the  disturbance.  These  surfaces  are 
called  eharaoteriatio  surfaces  or  characteristics. 

Disturbances  can  be  propagated  In  the  form  of  compression  waves  or 
rarefaction  waves.  Compression  waves  describe  the  motion  of  the  medium 
idien  during  motion  of  any  element  of  the  medium  the  pressure  in  it 
Increases.  On  the  other  hand^  when  the  pressure  decreases  during  the 
motion  of  any  element  of  tha  medium,  we  are  concerned  with  rarefaction 
waves. 

In  the  case  of  one-dimensional  unsteady  motion  of  a  gas  the  equation 
(2,23)  taJces  the  form  f{x,  t)=G  and  tha  oharaoterlstics  will  be 
represented  by  lines  in  the  plans  x,  t  ,  the  slope  of  which  ^  at 
any  point  equals  the  local  velocity  of  propagation  of  sound  relative  to  a 
fixed  system  of  oo-ordlrates. 

Depending  on  whether  the  disturbances  are  propagated  in  tha  positive 
or  negative  direction  of  we  will  have  two  families  of  charaoteristioa 
which  we  will  call  C.  and  C.  oharaoterlstics  for  whloh 

+  (If). 

For  simple  waves,  it  is  seen  from  (22.13)  that  these  oharacterlstios 
oorrespoxid  to  the  relatlonshipet 

o 

•  « +  ‘;j-3-fC  =  const, 

2 

«  —  c  =  const. 


They  are  called  Riemnnn’s  invar! ^nta  and  are  the  characteristics  of  the 
basic  system  of  equations  (22, .13)  in  the  u,  c  plane;  in  this  systaa 
u  and  0  are  taken  to  be  independent  variables  and  x  and  t-  are 
dependent  variables!  These  characteristics  are  represented. ag  parallel 
lines  in  the  u,  c  plane. 

Apart  from  the  characteristics  considered  by  us,  there  is  also  a 
family  of  characteristics  expressing  the  properties  of  ehtropio  disturb¬ 
ances.  For  adiabatic  flow  S=cons(  for  any  particle,  therefore “they 
are  transferred  together  with  the  substance,  l.e.  the  velocity  of  their 
propagation 


In  the  case  of  n  =  3  =  const  ,  and  the  fronts  of  the  disturb¬ 

ances  will  be  propagated  according  to  the  lavs 

X  =  at-jrXi,  I 

i 

(23.3) 

lAere  xt  and  atj,  are  constants  and  s  +  c  =  a  ?=  const;  «  — c=3=const, 
l.e.  these  characteristics  in  the  x,  t  plane  will  be  represented  by 
straight  lines. 

Differentiating  equations  (22.17)  for  a  simple  wave,  we  will  have 

dx  =  {u:izc)dt+\t±:c'  {u.)-\-F'  {ii)\du. 

At  the  same  time  along  the  characteristics  C■^  and  C.  we  have 

c)  dt. 

Comparing  both  equations  we  oome  to  the  conclusion  that  along  the 
characteristlos 

{i;±^f'(a)+y'(K)]flrM=o. 

The  expression  in  square  brackets  cannot  be  identically  equal  to  zero. 


therefore  du  =  Q  and  a  =  const.  . 

Thus,  we  reach  the  conclusion  that  along  each  characteristic  of  the 
corresponding  family  or  C-  the  velocity  remains  constant  and 

consequently  the  other  parameters  too. 

This  indicates  that  any  state  in  the  medium  will  move  at  a  constant 
velocity,  u~\-’c  or  .71 — c.  ,  inherent  to  this  state. 

From  this  property  of  simple  waves  it  follows  directly  that  the  C+ 
characteristics  (for  waves  propagating  to  the  right)  or  the  .C~  charac¬ 
teristics  (for  vaves  propagating  to  the  left)  are  represented  respectively 
by  families  of  straight  lines  in  the  a;,  t  planes. 

For  the  purpose  of  a  more  graphic  explanation  of  the  properties  of 
simple  waves,  we  will  consider  the  following  two  oases. 

A  tube  closed  at  one  end  (on  the  right),  contains  gas  which  is  con¬ 
fined  by  means  of  a  piston  on  the  left. 

During  the  movement  of  the  piston  a  simple  rarefaction  wave  arises. 

In  Fig.  34  a  family  of  C+. 
chars oteri sties  is  represented 
for  this  wave  as  divergent 
straight  lines  formed  on  the 
curve  describing  the 

motion  of  the  piston.  To  the 
ri^t  of  the  chaieoteristie  Ciji 
there  spreads  a  region  of  quies¬ 
cent  gas  in  XiMoh  all  the 
charaoteilatios  are  parai;|.el  to 
one  another. 


Fig.  34.  Family  of  characteristics 
for  the  simple  rarefaction  wave 
arising  during  the  outward  motion  of 
a  piston  from  a  tube. 


Tho  divergence  of  the  oharacterlstioa  in  this  vs.ve  is  explained  as 
follows.  As  a  result  of  the  initial  acceleration  of  the  piston  in  the 
ii^itial  elementary  portion  of  its  path,  the  first  rarefaction  wave  arises 
^diich  wiiJ.  move  relative  to  the  piston  from  left  to  right  with  a  velocity 
u-^-co,  ,  since  the  front  of  the  disturbance  moves  through  the  quiescent 

gas  with  the  velocity  of  sound  ct  and  the  disturbed  gas  moves  after  the 
piston.  The  next  wave  of  the  disturbance  which  runs  from  the  piston  during 
its  further  acceleration  cannot  therefore  reach  the  front  of  the  first 
elementary  disturbance,  and  so  on.  Because  of  this,  the  slope  of  the  C+ 
characteristics  to  the  ordinate  axis  will  decrease  in  proportion  to  the 
aooeleration  of  the  piston,  l.e.  these  lines  will  diverge. 

The  section  AiAt  on  this  figure  corresponding  to  some  definite 
moment  In  time  repreeents  the  region  of  gas  enbraoed  by  the  rarefaction 
wave  up  to  the  given  moment  in  time;  it  is  evident  that  as  time  inoreaees, 
the  region  of  disturbance  will  esqpand. 

In  Tig.  35  a  similar  sketch  is  given  for  the  simple  oompresslon  wave 
formed  during  the  aooeleration  of  the  motion  of  a  piston  into  a  tube. 

During  every  elementary  acceleration  separate  oompreesion  waves  leave  the 
piston,  tho  velocity  of  propagation  of  iMch  Is  defined  by  the  elope  of 
the  '  C+  -charaoterlatloa  to  the  ordinate  axis.  The  slope  of  these  lines 
to  the  ordinate  Inoreases  gradually.  This  is  explained  by  the  fact  that 
every  following  elementary  wave  will  be  propagated  through  a  gas  which  has 
been  oompreaeed  to  a  greater  extent  by  the  preceding  wave,  so  that  the 
amplitude  of  the  wave  will  increase  continually.  The  convergent  cluster 
of  oharacterlstioa  in  Tig.  35/  vMoh  should  finally  intersect,  ix>lnt8  to 
a  tendency  to  form  a  shook  wave.  However  the  intersection  of  the 


characteristics  from  the  physical  viewpoint  is  absurd;  since  the  velocity 
along  any  characteristic  remains  constt.  it,  as  has  already  been  explained, 
we  will  have  a  many-valued  fimotion 
u(x,  i).  at  the  point  of  inter¬ 
section.  This  point  can  be  inter¬ 
preted  as  the  place  where  the  shock 
wave  originates. 

We  will  consider  below  the 
problem  of  the  conditions  under 
\dilch  shook  waves  occur  (§  23). 

Earlier  ws  have  proved  that 
in  a  simple  wave  throughout  the 
whole  region  of  movement  dtiring  the  whole  time  the  Riemann  invariants 
renaln  oonstant;  they  are  denoted  (for  Isentropic  motion)  by 

'2  2 
+  —  const. 

The  Riemann  Invariants  themselves  are  charaoterlstios  in  the  u,  o  plane. 
Along  each  of  the  C+>  and  C.  oharaoteristios  the  values  of  /..  or 
/-  ,  respectively,  remains  oonstant.  Small  disturbances  of  the 

magnitude  are  propagated  only  along  the  C+  oharacteristics,  and  the 
disturbances  of  /.  along  the  C_  charaoterlstios.  In  the  waves  running 
to  the  right  /_  is  oonstant  over  the  vhole  range  of  motion  and  in  the 
waves  running  to  the  Deft  U  is  constant.  From  what  has  been  described 
the  property  mentioned  above  for  simple  waves  follows  as  a  particular  case, 
that  is,  the  linearity  of  one  of  the  families  of  C  characterlstlos. 

This  is  easily  proved.  Let  the  wave  be  piropagated  to  the  right.  In  this 


Fig.  35.  Family  of  oharaoteristios 
for  a  simple  compression  wave  ai^sing 
during  forward  motion  of  a  piston 
into  a  tube. 


case  along  each  of  the  C+  characteristics  the  magnitude  of  U  remains 
constant.  Moreover,  the  magnitude  of  /.  is  also  constant  on  the 
characteristics  and  for  simple  waves  it  is  constant  over  the  whole  range, 
of  motion  of  the  gas.  But  from  the  constancy  of  the  two  magnitudes  .4 
and--^^  -  on  any  C+-  oharaoteristie  it  follows  that  const,  and 

const  on  this  characteristic  which  leads  directly  to  the  conclusion 
regarditig  the  linearity  of  these  characteristics. 

It  is  also  easily  proved  that  if  the  region  /  of  any  type  of  flow 
is  bounded  by  a  region  //  '  of  stationary  flow  (p  =  const,  p  «=  const," «  ==const'), . 
then  region  7  is  a  simple  wave.  In  fact  in  region  4  4  and  ,4 

are  constant  and  tbs  Ct,  and  C.  oharaoteristios  are  linear.  The 
boundary  between  the  two  regions  Is  one  of  the  C^.  characteristics  > 
lUustratsd  in  Slg,  36  as  a  thicker  line,  i.e.  the  lines  do  not  go  . 

from  one  region  into  another.  The  C.  characteristics  do  go  from  one 

region  to  another  and  take  from 
region  //  to  region  /  the  cons¬ 
tant  magnitude  /.  vfaiob  remains 
constant  over  the  whole  region  of' 
this  flow  representing  a  simple  wave. 

It  follows  from  what  has  been 
said  that  the  simple  wave  always 
borders  on  the  region  of  quiescent 
stationary  flow,  but  the  velocity  of 
propagation  of  this  wave  front  can  be 
represented  as  the  velocity  of  the 


Fig.  36.  Motion  of  wave  (/) 
bordering  onto  a  region  of 
stationary  flow  (//) 


displacement  of  the  boundary  between  the  two  regions  iMch  represents  some 


2xs 


slight  discontinuity. 

Indeed,  because  the  motion  on  both  sidos  from  this  boundary  is 
described  by  different  equations,  then  this  boundary  ropresants  tho 
discontinuity  of  some  derived  magnitudes,  which  (the  derivatives)  coincide 
with  some  characteristic. 

In  the  case  idien  F{u)  =0  in  equation  (22.7)  we  will  have 

T““— j 

(23.4) 

In  the  given  case  the  motion  of  the  medium  will  be  a  similarity  flow 
(automodel')  as  u  and  c  are  functions  of  only  one  independent  variable 
z « -y-  .  Here  ve  are  dealing  with  a  particular  case  of  the  class  of 
similarity  flows.  In  the  general  case  problem 

oonalderad  Cj  (  . 

In  similarity  flow  the  distribution  of  all  parameters  depends  only  on 
X  and  t  in  the  form  of  their  ratio  -f  possessing  the  dimension  of 
velocity,  i.e.  these  distributions  at  different  moments  in  time  will  be 
similar  to  one  another.  If  lengths  are  measured  in  units  increasing  in 
propoirtlon  to  f  ,  then  the  picture  of  the  motion  will  not  generally 
change.  This  is  the  most  characteristic  property  of  a  similarity  flow. 

The  simplest  example  of  this  motion  is  the  motion  of  a  gas  in  a 
cylindrical  tube  closed  at  one  end  by  a  piston  which  immediately  begins  to 
move  out  of  the  tube  at  a  constant  velocity.  In  this  case  all  the 
charaoterl sties  on  the  x,  t  plane  will  orlgitiate  from  one  point. 

These  waves  are  therefore  given  the  name  centered.  In  Fig.  37  the 


centering  of  a  rarefaction  wave  is 


shown,  the  characteristics  of  vjhich 
are  represented  by  a  cluster  of 
divergent  straight  lines. 

In  the  case  of  isentropic  one- 
dlmension^l  motions  and  also  of 
isentropic  motions  with  an  axial 
(cylindrical)  and  central  (spheri¬ 
cal)  symmetry  all  the  parameters  of 
the  medium  depend  on  one  space  co¬ 
ordinate  f  and  it  is  not  difficult 
dynamics  take  the  foim 


Fij?.  37.  Centering  of  a  rare¬ 
faction  wave. 


to  prove  that  the  equations  of  gas 


p^Ap”, 

>Aiere  N  for  one-dimensional  motion,  =  1  for  motion  with  a 

cylindrical  symmetry  and  N‘=2  for  motion  with  a  spherical  symmetzy. 

For  motions  with  axial  or  central  symmetry  the  characteristics  In 
r,  t  co-ordinates  will  not  be  stral^dit  lines. 

In  fact,  applying  to  system  (23.5)  the  transformations  carried  out  in 
§  22  we  obtain  the  equations 


(23.6) 


Thus,  the  characteristics  are  determined  as  before  by  the  equations 


dr  . 

•  0 
but  thoy  are  no  lou^ar  lines  on  viiicl  fr-o  values  of  aro 

eaintained  constant,  l.o.  thoy  are  not  straight  lines  on  either  the  (av  t) 

plane  or  the  (u;  c)  plane.  Only  at  large  distances  frocTthe  centre  or 

from  the  axis  of  symmetry  does  the  magnitude  ~  become  quite  small 

and  the  characteristics  td.ll  approach  the  oharaoterlstics  for  one- 

dimensional  motion. 


S  24. 


entroplo  flow. 


For  a  steady  one-dlmenslonal  flow,  Bernoulli *s  equation  holds 


^  +  =  =  const, 


(24.1) 


tdienoe 


During  the  dlsobarge  of  a  gas  into  a  vacuum  vhen 


and 


W8  have 


But  for  isentroplo  processes  according  to  (21.3) 


tdienoe 


Taking  into  account  (24.2)  we  find  that 


(24.2) 


(24.3) 


„ _ ]  Cfl, 


(24.4) 


X  5/ 


■where,  co  ia  the  velocity  of  sovind  in  the  quiescent  medium. 

To  detennine  the  critical  velocity  of  discharge  of  the  gas  «cr  we 
will  consider  a  stream  moving  in  a  nozzle  which  first  contracts  uniformly 
and  then  expands  (Laval  nozzle).  Vs  will  consider  the  motion  of  the  gas 
to  be  uniform  across  the  cross-section  of  the  nozzle  and  the  velocity  to 
be  in  a  direction  along  the  axis  of  the  cross-section. 

The  linear  dimensions  of  the  vessel  will  be  considered  to  be  very 
large  in  comparison  with  the  diameter  of  -the  tube.  Therefore  the  velocity 
of  the  gas  in  the  vessel  can  be  taken  to  be  zero  and  all  the  parameters  of 
state  of  the  gas  to  be  constant. 

The  consumption  of  gas  per  second  across  the  oross-seotion  of  the 
nozzle  equals  u&  tdiere  s  la  the  area  of  the  oross-seetion  of 

the  mzsle;  this  magnitude  should  evidently  remain  constant  along  the  ■ 
^ole  nozzle,  i.a. 


gEspusoi  const. 


(24.5) 


The  maximum  density  of  the  stream  /=>pu  will  be  attained  at  the 
narrowest  oross-seotion.  From  this  it  follows  that 


d/  =  adp-f-pd»=0.  (24.6) 

On  ■the  other  band,  it  follows  from  Bernoulli ' s  equation  that 


itp 


■■dt  =  —udu. 


P  '  (24.7) 
Having  determined  vjj,  from  this  and  substituting  its  value  in  (24.6)  we 
find  that  ae 


tdtenoe 


:23  "L- 


vhich  points  to  the  attainment  at  the  minimum  nozzle  cross-section  of 
the  sonic  discharge  regime.  This  section  is  hnown  as  the  critical  section 
and  the  value  u-a^^ar,  is  also  known  as  the  critical  value. 

For  ,p  =  y4p"  Bernoulli's  equation  can  be  represented  in  the 

form 


^  +  -^^  =  /o  =  const, 
and  for  the  critical  section  it  takes  the  form 


(24.8) 


whence  it  follows  that 


Cj  =  const. 

(24.9) 

From  the  relationships  (24.8)  and  (24.9)  It  la  possible  to  obtain  the 
expression 


(«*-c»). 


(24.10) 


which  will  alec  hold  for  three-dimensional  flows  of  gas,  if  u  is  re¬ 
placed  by  the  complete  velocity  v 


§  25.  Unilateral  outflow  of  a  formerly  quiescent  gas. 

Some  portion  of  a  tube  is  filled  with  gas  confined  at  both  sides  by 
baffle  plates.  Outside  this  portion  there  is  a  vacuum.  We  will  denote 
the  distance  between  the  baffle  plates  by  .1  .  Ve  will  take  the  origin 

^3  3 


of  the  co^orcUnatea  to  be  at  the  right-hand  baffle  (Fig.  3^)*  ^be  area  of 
the  tube  oross-seotlon  la  constant  and  la  assumed  to  equal  unity. 

■At  time  t  =»  0  vfe  remove  the.  baffle  at  .x  “0,  Then  an  unsteady 
outflow  of  gas  begins  Into  the  vacuum,  and  simultaneously  a  rarefaction 
wave  arises  directed  towards  the  left,  i.a.  we  are  concerned  here  with  a 
simple  rarefaction  wave.  The  boundaries  of  the  wave  at  any  time  are:  on 
the  right,  the  front  of  the  gases  flowing  into  the  vacuum  which  is  dis¬ 
placed  to  -the  right;  on  the  left,  the  front  of  the  rarefaction  wave.  It 
is  evident  that  the  wave  will  be  described  by  a  particular  solution  of  the 

C;as-dynn:r)ics  ec  tic;;:. .  ,  oui- 
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propagating  through  undisturbed  gas. 

Hers  it  must  be  noted  that  the 
front  of  the  gas  flowing  to  the  right 
into  tLe  vacuum  cannot  be  considered 
as  a  wave,  since  here  the  gas 
particles  which  themselves  move  do  not  lead  to  a  motion  of  any  medium.  The 
distribution  of  velocity  and  gas  density  on  both  sides  of  the  removed 
baffle  plate  are  described  by  one  aiul  the  same  eqiuitions. 

To  solve  the  problem  set  we  should  use  the  equations 


r — ' 

1 

!  O'* 

Fig.  38.  Derivation  of  the 
rules  for  the  unilateral  out* 
flow  of  gas  into  a  vacuum. 


a  = —■ c + const. 


(25.1) 

(25.2) 


For  deteinlning  the  unknown  P{u)  and  the  const  we  use  the  following 
boundaxy  conditions.  For  a  quiescent  gas  w=>o  and  'c^c„ 
Consequently 


i^enoe 


■--yCj+const. 


const  =  - — i-  Ch 

/I-—  A 


and  the  second  equation  takes  the  final  form 


u  =  - — i-(C,  — c). 

(25.3) 

The  Umltlng  velocity  during:  outflow  into  a  vaouuta  will  evidently  be 
detemlned  by  the  relationship 


(25.4) 


i.e. 


tffli..  t  .IaaiIvV  .  a  “  1  * 


*'au  (tiMkdjr}' '  •  «“*  ;  (25,5) 

idiioh  follows  directly  from  a  comparison  of  expressions  (25.4)  and  (24.4). 
At  n<3  this  ratio  will  always  be  greater  than  tmity.  Thus,  for 
example,  for  air  i  (a  the  velocity  of  the  unsteady  outflow  is 

approximately  2.2  times  greater  than  the  velocity  of  a  steady  notion. 

This  is  explained  by  the  fact  that  for  an  unsteady  flow  one  pax't  of 
the  gas  can  have  an  energy  oonsldersbly  greater,  and  another  part  oonald- 

e 

erably  less,  than  the  average  energy  of  the  gas,  iMlst  in  the  oase  of 
steady  flow  the  energy  of  all  particles  taking  part  in  the  notion  is  the 
sane.  In  the  prooess  of  motion  in  unsteady  flows,  as  will  be  shown  below, 
a  continuous  redistribution  of  energy  occurs  throughout  the  mass  of  the 
moving  stream. 

Ve  will  now  prove  'Uiat  'F[u)  in  (25.1)  should  be  Identically  equal 
to  zero,  since  the  motion  of  the  gas  initially  at  was  determined 


3r 


at  the  section  .*  =  0 

In  fact,  for  '.*■(«)  =0  equation  (25.1)  takes  the  fom 

(25.6) 

vAence  at  t=0,  x  =  0,  u  —  c^^,  i.e.  u  and  s  are  indeteralJiato, 
\Moh  corresponds  exactly  to  the  conditions  of  our  problem.  Indeed,  at 
the  initial  moment  when  the  baffle  plate  is  taken  away,  u  and  c  do 
not  have  definite  values,  since  the  velocity  u  increases  in  steps  from 
zero  to  its  limiting  value  ,  and  the  density,  pressure 

and  velocity  of  sound  decrease  in  steps  to  zoM  from  their  initial  values. 
Thus  the  solution  finally  takes  the  form 


(25.7) 

Hie  gas  motion  being  oonsldered  is  a  similarity  flow  because  all  the 
parameters  characterizing  it  are  functions  of 

We  will  now  define  'the  lav  of  motion  of  the  rarefaction  wave  front. 
This  front  over  the  whole  region  of  the  wave  at  any  moment  in  time  is 
bounded  by  undisturbed  gas;  therefore  on  the  front  u  =  0  and  c  =  Cu  , 
consequently,  for  it  equation  (25.7)  gives 

(25.8) 

i.e.  the  rarefaction  wave  front  actually  moves  from  right  to  left  relative 
to  the  stationary  observer  at  Ute  velocity  of  sound.  The  relationship 
xs^  —  Cnt  is  the  oharaoteiistio  of  our  equations. 


Xl>^ 


Fig,  gq.  Dlstrlbutioa  of  u  and  c  diirlng  unilateral  outflow  of  gas. 


Having  datenaiaad  u'  and  c  from  (2^.7)  we  find  that 


(25.9) 


aquations  (25*9)  give  the  diatribution  of  «  and  e  over  the  whole  range 
of  the  disturbanoe  with  raspeot  to  time.  It  is  evident  from  these 
equations  that  at  any  time  the  distribution  of  u  and  c  is  oharaeter- 
ised  by  straight  lines.  From  equations  (25.9)  it  follows  that  at  the 
section  x  =  0 


l.e.  the  critical  diaoharge  regime  is  established. 


(25.10) 

It  Is  evident  that  the 


state,  at  idiich  u  =  c  ,  is  not  transferred  through  the  gas,  since  the 
velocity  of  the  transfer  of  this  state  ^  =  «  — c=»0. 


a37 


On  the  rarefaction  wave  front  u  =  0  , 

the  out-flowing  gaaaa  “  —  “m»,  ==  jlri  ^  =  ® 
gas)  eqtotions  (25.9)  give 


c~c„  .  On  the  front  of 
.  At  n=:\A  (diatomic 


-l-C-Xr). 


(25.11) 


The  graphs  of  distribution  of  u  and  e  (Pig.  39)  correspond  to 
this  ease.  The  left  and  right  arrows  indicate,  respectively,  the  direction 
of  notion  of  the  wave  front  and  the  front  of  the  moving  particles  of  gas. 


§  26.  The  general  solution  for  one-dimensional 
i^entropic  motions  of  gas. 

We  have  considered  above  two  classes  of  gas  motioni  1)  pa'const 
and  u*=  const  tdiloh  corresponds  to  stationary  flow  and  2)  vdxen  over  the 
idiole  region  covered  by  the  disturbance  one  of  the  Riemaim  invariants  (  I* 
or  /.  ,  )  is  constant,  which  is  a  oharaotezlstio  property  of  simple  waves. 
Here  we  will  consider  the  general  oase  of  a  motion  \dien  neither  4'  or 
L  is  constant  in  the  region  of  the  disturbance;  only  one  cross-section 
in  the  region  of  disturbanoe  on  the.  x,  i  plane  oorresponds  to  the  pair 
or  values  $  '  l- 

To  derive  the  general  solutions  of  one-dimensional  Isentroplo  motion 
we  use  the  equations 


(26.1) 


The  Indapendant  variable 3  here  are  x  and  'i  ,  Wa  vdll  now  change 
to  new  i' 'dependant  vaz'lables  ■«-  and  i  ,  considering  x  and  i  as 
dependant  variables.  For  this  purpose  we  establish  the  partial  derivatives 
of  the  system  of  differential  equations  in  the  Jacobian  form  (fwctional 
determinants}.  .. 

The  Jacobian  dateminant 

I  ^  ^  _  d(yt.  yi)  _  dyi  dyt  gy,  ay, 

dyt  dy,  6  (^1.  ^>)  d^i  6xt  7^  dxx  ‘ 

oxl  'S^l  ■  •  • 

As  a  result  the  system  (26.1)  takes  the  form 


■jzmt 
P‘A. . 


4-« 


■u4M. 


dU,i) 

d(t,x) 


d  (t,  u) 


0, 

-0. 


To  change  to  the  Independent  variables  (u,  1)  we  now  multiply  these 
equations  by  7^^^  assuoing  that  this  Jacobian  does  not  bsoome 
zero  anyidiere  within  the  range  of  the  desired  solutions.  It  is  known  that 
during  the  multiplication  or  division  of  Jaoobians  described  symbolically 
it  is  possible  to  consider  them  as  ordinary  fractions.  As  a  result  of  the 
transformation  we  obtain 


d(»..y) 

■d(tt,0 

J  (/.-»)  I 
A  (a,/) 


djl.u)  . 

“  A(«,o  d(».o 


0. 

0. 


Multiplying  out  the  Jaoobians ,  we  will  have 


;i3f 


(26.2) 


(26.3) 


dx  dt  .  dl 
4-. 


0. 


dl  dl  ~  du 


To  transfoxm  this  system  Into  a  system  of  linear  differential 
equations  ws  will  carry  out  the  so-called  Legendre  transformation/  intro¬ 
ducing  a  new  function  ((i=:4i(s,/)  by  means  of  the  relationship 


-““'-S' 


Then  the  equations  tifdce  the  fozn 


(26.4) 


dt 

53  duh ' 


The  first  equation  gives 


Using  (26.6),  ve  oonvert  the  second  equation  to  the  form 


(26.5) 


(26.6) 


Thus  as  a  result  of  the  given  transfoxmations  we  have  derived  a  single 
linear  (with  respect  to  )  differential  equation  from  a  system  of 
non-linear  equations. 

Equation  (26.4)  now  correspozidlngly  takes  the  fom 


(26.8) 

Integrating  equation  (26.7)  for  appropriate  Initial  and  boundary  conditions 
we  determine  ^  ;  then  according  to  formulae  (26.6)  and  (26,6)  we 


determlnei  t.  and  x  respectively  and  therefore  the  remaining  parameters 
of  the  motion  under  consideration. 

For  an  ideal  gaa  c®'==(^— 1)/  and  the  basic  equation  (26.7)  takes 
the  form 

(26.9) 

This  eqiuitioa  can  be  Integrated  in  tlie  general  form  for  the  condition 
2^  =  2M  T=»-fj-2^.  1,  2,  3, 

This  oondition  la  satisfied,  in  particular,  by  a  diatonic  gas  (t^j>  N^2) 
and  the  oooipreased  detonation  produots  of  condensed  explosives  ('1  =  3,  N=iQ), 
Using  N  instead  of  7  we  rewrite  (26.9)  in  the  form 


2 

iN+X  '5/t  5? W ~ 


0. 


(26,10) 


Ve  will  denote  the  funotion  satisfying  this  solution  for  a  given  value  of 
'A(  by  V  •  ^  funotion  41Q  (at  A/  ■■  0)  ve  will  have 


We  now  introduce  a  new  variable  w  =Y^  .  For  this 

Ow  1  ^  dw  _ 

oi^dm'Si  wdw’ 

dfl  ffw l.B»  J  "57 “  »*  L  wow  r 


(26.11) 


and  equation  (26.11)  takes  the  fozn 


— -_4^, 

art 


=  0. 


(26.12) 

This  is  the  wall«known  wave  equation,  the  general  solution  of  wlAoh  is 


(26.13) 


■  i'o  =/i  (S' +«)  +/j  (W  —  tl), 

where  h  and  ft  are  arbitrary  f'-ictione. 

Converting  again  from  w  to  we  will  have 

'-I'o = /.  (/2/ + a) +/,  (vTi  -  4 

(26.14) 

It  is  possible  to  show  that  if  the  function  is  known,  then  the 

iXmotion  is  obtained  by  simple  differentiation.  Indeed, 

differentiating  equation  (26.10)  with  respect  to  \i.  we  obtain 


2  ,  d*  ,  2;\r  +  3  d  <3’ 

/+i  di  )  "^  aAT+i  aA“5ry 


(26.15) 


(by 


'  2V+1  *  "STiV  di  )  ITTfl 

We  now  introduos  instead  of  u  the  variable 

in  this  ease  (26.10)  gives  the  equation 

ooiaoldlng  with  equation  (26.15)  for  the  function  u) 

replaoing  by  N+\  ) 

T(A'+lj  +  r  +  7{  (tArt  1 ) — £  (I'Ar+i )  =  0. 

From  this  it  follows  that 

.  (26.16) 
Having  differentiated  'fi  times  the  function  .ijio  ,  we  obtain  a  general 
solution  of  equation  (26.11} 

{/<  (/2wtt)v +u)-i-A(V‘iwnri- «)}. 

VI 


(26.17) 


The  funotiona  /i  and  f,  in  the  definition  of  should  he 

written  in  the  general  fora.  We  recall  that  A^  =  0  for  (|io  .  Trans¬ 
forming  from  i  to  c  we  find  that 

/2W+ 1)  /  =  (2A;-j- 1)  c  =  ylrj-  c 

and  equation  (26.17)  takea  the  fc  .m 


The  ezpreaaiozxe  standing  aa  arguments  in  the  arbitrary  ftuietions,  as  we 
already  knoV|  are  Memann  invariants  which  are  constant  on  the  oharaeteiv 
istioa. 

As  would  be  expected,  the  general  solution  of  the  two  equations  (26.3) 
in  partial  dexivativsa  of  the  first  order  depends  on  the  two  arbitrary 
functions. 

In  the  case  'A^aO,  and 

For  this 


j  /,'(V57  +  u)  +  /,'(y57  — «)  /[(e  +  u)+/t(c—u) 

= - - - - - 


and  according  to  (26.8) 


(26,18) 


x=ut—f^ic-^^u)+ff(c—u)=» 

“=  7  [/I  (c + «)  +A  (<^  —  «)]  —A  (c +u)+Mc—u). 

We  write  the  relationship  (26,18)  in  the  form 


(26.19) 


ct^/{(c+r)+A(c—u).  (26.20) 

S'ubstltuting  successively  f'  and  f('  from  (26.20)  in  (26.19),  we 


obtain 


I  'x^iu+c)t—2f[{u-\-c)=^(,a-\-c)t-]rFx{u.-]rc), 

x  =  {u  —  c)t-\-2f'^{c  —  u)~{a—c)t  —  Fi{ii~c), 

(26,21) 

l.e.  we  arrive  at  the  general  solutions,  already  known  to  us,  for  the  case 
7  =  3.,  • 


To  find  the  general  solution  of  the  gas-dynamio  equations,  we  trans^ 
formed  from  the  Independent  variables  x  and  (  to  the  Independent 
variables  'yu  and  \l  ,  by  dividing  the  system  (26.1)  by  the  Jacobian 


assuming  that  A  0.  For  simple  waves  this  method  of  solution  does 
not  apply,  slnoe  for  them  >u  and  |/i  (or  u  and  o  )  are  definite 
functions  tMoh  are  mutually  dependent  on  one  another  axid  therefore  the 
given  Jaoobian  becomes  Identioally  zero. 

In  §  23  it  was  established  that  the  simple  wave  Is  always  bounded 
either  by  a  quiescent  region  or  by  a  region  of  statioziaiy  flow.  Therefore 
the  motion  desoxibed  by  the  general  solution  (26.17)  cannot  border 
directly  onto  these  regions  and  is  separated  from  them  by  the  Intermediate 
region  of  the  simple  wave,  ^e  boundary  between  the  simple  wave  and  the 
wave  described  by  the  general  solution  is  always  a  eharaoterlstle  by 
necessity  slnoe  It  Is  simultaneously  the  boundary  between  the  regions  of 
two  different  analytical  solutions. 

To  solve  the  various  conorete  problems  the  necessity  arises  for 
determining  the  value'  of  f  on  this  limiting  eharaoterlstle. 

The  conditions  for  oomblning  a  simple  wave  with  the  wave  described  by 
the  general  solution  oan  be  fulfilled  by  substituting  the  expressions 


ZVY 


(26,6)  and  (26.8)  for  X;  and  t  in  the  equation  for  the  simple  wave 

x  —  (u:±:c)i-+-/(u). 

In  this  case  ve  obtain 

g*,S+/(»)-o. ; 

(26.22) 

Since  for  a  simple  wave  and  consequently  on  the  limiting  characteristic 
then  ■  i/tf  =  :£:c</lnp  =  Ci=a±~, 

vhenoe  sl+/(«)==0, 

vMch  also  determines  the  required  boundary  value  for  (|i  ,  In  the 

partioiilar  case  \dien  'f(u)<=^Q  (centered  waves)  i)m  const  .  Slnoe 
the  function  itself  is  given  oorreot  to  a  constant,  then  without 

deorea),.J>g  the  generality  it  is  possible  to -assume  41  «0  on  the 
boundary  obaraoterlstlo. 

The  region  oharaoterised  by  the  general  solution  can  also  be  joined 
on  the  left  cu3u  on  the  ri^^t  with  regions  characterized  by  general 
solutions  or,  on  the  one  side,  with  a  region  described  by  a  partioular 
solution  and  on  the  other  side  by  a  region  described  by  a  general  solution. 
There  can  also  be  the  ease  vhen  there  are  regions  of  partioular  solutions 
on  both  sides  of  the  region  of  general  solution.  The  simple  wave  should 
always  be  joined  on  one  side  either  to  a  quiescent  region  or  to  a  region 
of  fixed  motion.  On  -the  other  aide  there  can  be  either  a  region  of  a  com¬ 
plex  wave  or  of  a  stationary  wave. 

The  region  of  disturbanoe  described  by  the  general  solu-^ons  can  also 


be  bounded  on  the  one  side  by  a  wall  which  leads  to  reflection  and 
frequently  to  a  complicated  intorreaction  of  the  various  waves. 

The  region  of  the  general  solution  in  a  nmber  of  cases  can  bo  bounded 
on  one  or  both  sides  by  regions  of  disturbance  possessing  different 
entropy,  i.e.  separated  from  them  by  the  so-called  particular  or  contact 
discontinuity. 

The  general  solutions  obtained,  if  the  initial  or  boundaxv  conditions 
are  known,  make  it  possible  to  solve  a  humber  of  important  concrete 
problems  conns oted  with  the  determination  of  the  motion  during  reflection 
of  the  rarefaction  wave  from  the  wall,  during  bilateral  outflow  of 'gas 
from  the  tube,  the  Interaction  of  the  rarefaction  wave  with  shook  waves, 
eto. 


In  §  25  we  considered  the  motion  of  a  rarefaction  wave  arising  during 
the  sudden  removal  of  the  right-hand  baffle  plate  from  the  pipe.  The 
solutions  found  by  us  for  this  case  hold  only  up  to  time  ,  i>e. 

until  the  rarefaction  wave  reaches  the  left  wall  at  a  distance  I  from 
the  ozdgin  of  the  co-ordinates.  It  is  evident  that 


(27.1) 


After  this,  reflection  occurs  of  the  wave  which  will  be  propagated  through 
the  cQready  disturbed  gas  and  therefore  will  be  described  by  general 
solutions  of  the  basic  gas-dynamic  equations. 

In  Fig.  40  the  oharaotoristios  for  the  reflection  process  of  a  wave 


are  lUutitrated. 


In  regions  1  and  1* 
the  gas  Is  stationary;  in  region  5, 

It  moves  from  left  to  right  at  a 
constarit  velocity;  2  is  the 
region  of  the  Incident  rarefaction 
wave  with  straight-line  C-. 
oharaotarlstios.  Beglon  5  Is  that  of 
a  refleoted  wave  with  straight-line  Ct. 
oharscterlstlos.  Beglon  4  is  a  region 
of  lntez%<)tion  or  mutual  penetration 
of  two  raxv/faotlon  waves  in  which  the 
strMight-line  oharaoterlstios  beooaa 


Fig.  40.  Reflection  of  a 
centered  rarefaction  wavs  from 
the  wall. 


distorted.  For  this  region  a  solution  of  the  gas-dynamio  equations  ought 
also  to  be  found.  Ibis  solution  is  completely  determined  by  the  botu^ry 
oondltlona.  The  first  condition  is  that  on  the  wall  (ab)  at  and 
any 

Substituting  these  oondltions  in  relationship  (26.4) 


ths,vsloolty  of  the  gas  is  identically  equal  to  zero. 


we  will  have 


(27.2) 


The  second  condition  is  easily  found  by  oonsiderlng  the  boundary  joining 
the  refleoted  wave  to  the  inoident  almple  wave.  This  boundai^  is  the 
section  ao  of  the  C.  oharaeteristios  arising  at  tho  wall  at  tine  ti  , 
Therefore  on  it  ve  should  have 


2.y7 


On  this 


u 


c  =  const. 


'2  ' 

On  the  wall  (at  point  a)  u  =  0  and  const  = 
boundary,  as  was  proved  above,  we  should  have  '<|i  — 0  .  Thus,  the 

second  condition  gives 


u====-^^(c,  —  c),  ifi—O. 


(27.3) 

Starting  from  these  two  boundary  conditions  the  arbitrary  functions  ft. 
and  ■  Fs;  can  be  easily  determined. 

Expressing  c  in  terms  of  /  ,  we  obtain  for  the  characteristic 

at  the  Join 


u,^V2(2/^+iyi/(„  ^Vi],  , 


In  this  case  the  arbitrary  functions  will  depend  on..the.  arguments) 

Fi  =  F%  [/2  (2A^+ 1 )  WT  -  Vt^] . 

It  is  possible  to  prove  that  '  Fism  0  and  the  function  alyays  satisfying 
these  conditions  le 


where 


i  a*^~*  i(V‘r+u)«-8,i» 
2M  YF 


(27.4) 


^  =  m  =  R^2(2N^\). 

Detailed  consideration  of  this  problem  can  be  found  in  STANTUEOViCH's 
book  "Neustanovxvshiyesya  dvishenlya  sploshnoy  sredy"  (Unsteady  motion  of 
a  uniform  medium) . 

We  will  now  introduce  some  .important  results  of  oalculatloas,  obtained 
from  the  exact  solutions  derived  above. 


The  total  Impiilse  acting  on  the  wall  is  deterolnad  from  the 


relationship 

tdiere  Mg  and 
of  rest, 


(27.5) 

Eu_  are  the  total  mass  and  energy  of  gas  in  the  state 


The  value  of  £  for  various  values  of  n  and  N  are  given  below: 


n 

3 

V. 

Vi 

•  I 

N 

0 

1 

2 

00 

i  . 

0.8dS 

0.839 

0.825 

0.796 

Ve  can  sea  that  the  value  of  $  depends  little  Jts.j^bii  v&lua  of  n  . 
The  determination  of  the  parameters  in  the  reflected  wave  at 
presents  a  problem  of  great  interest  to  us. 

Taking  into  aooount  that  in  the  case  under  consideration  /‘jssO 
equation  (26.17)  gives 

Also  on  the  wall  (x  =  — /)  u  aa  o  ;  from  the  relationship  x  =  ui-—^ 

we  have  =  ,  After  integrating  between  the  limits 

/.  to  i  we  obtain 

Thus,  function  will  have  the  form 


2-Vf 


(27.6) 


Also  It  is  possible  to  determine  the  pressure  pi  at  the  vail 
after  the  advent  of  the  rarefaction  wave.  For  this  p\irpoae,  starting 


from  (27.6)  we  determine  that 

i 

Because  ,  then 


n-l 


J _ [  P  Nln 

■ «.  U  y  ’ 


idiiob  at  n»3  leads  to  the.fo^owing  relationship: 


(27.7) 

i.e.  the . piressore  P\  at  the  wall  usually  decreases  as  the  inverse 
third  power  of  /,  .  For  other  values  of  n  very  mid)  more  oumborsoiDe 

relationships  are  obtained  for  Pi  . 

Ve  will  now  estimate  the  pressure  P2  at  the  points  (on  the  line) 
of  the  Join  of  the  reflected  wave  to  the  incident  wave.  On  the  basis  of 
(27.3)1  the  following  relationship  bolds  on  this  line 

tt  =  -r~(c,  — c). 

(27.8) 

The  equation  of  this  line  whioh  is  a  C^.  oharaoteristio  can  be  found 
from  the  condition 

'  ix  , 

Substituting  here  the  values  of  u'  and  c  from  (25.9)  ve  find  that 

•  dx  4  ,  3  — «  X 

j  ST  a -j- 1 . '  n+1  t'  (27.9) 

Integrating  (27.9)  and  taking  into  account  that  the  integral  line  should 

pass  through  the  point  at  t  =  t  t 

.  .8  ’ 

0-^2? 


(27.10) 


3-« 

n-f- 1  t 
n— iH  I  J 


For  a  travelling  rarefaction  wave 


x  =  (u-~c)t.  , 

From  (25.7),  (27.10)  and  (27.11)  it  follows  that 


(27.11) 


(27.12) 


This  expression  detennineB  the  time  of  the  encounter  of  the  reflected  wave 
with  the  incident  wave.  Expreanl/.^  c  -•:..<  Cu  J...  ..  _  a-  ^ 

we  find  that 


In  the  ease  of  /:  a  3 


Pt  ^  Pi  I  \* 

p. .  p,  u.' ;  ’ 


(27.13) 


(27.14) 


i.e.  the  pressure  in  the  reflected  wave  does  not  depend  on  the  coordinates 
but  only  on  the  time,  which  is  an  important  fact  that  simplifies  all 
calculations  in  the  solution  of  a  number  of  concrete  problems  connected 
with  the  motion  of  detonation  products  of  condensed  explosives  (reflection 
of  a  detonation  wave  from  a  wall,  etc.). 

It  is  Interesting  to  deteznlne  the  pressure  Pi  at  the  section  x^Q 
i.e.  at  time  =  ,  vhen  the  reflected  wave  reaches  the  origin  of  the 

co-ordinates.  For  this  moment  on  the  basis  of  (25.10)  we  obtain 


Whence  it  follows  that 


xn 

£l  —  /_i_ 
p,  ~\n  +  i)  *; 


(27.15) 


^oh  for  rt«=3  gives  ^ 

Below,  the  values  of  (for  /  “  /»  )  are  given  for  various  n'  , 

obtained  as  a  result  of  exact  solutions. 


1.000  O.S26  •  •  0.923  0.910 


These  data  show  that  In  the  reflected  wave  the  pressure  and  consequently 
the  velocity  of  souzid  e:  varies  little  with  the  30-ordlnates  for  ai^ 
values  of  h  . 


Fie.  41.  Distribution  of  u  end  c  in  a  gas  during  reflection  of  a 
centered  rarefaction  wave  from  a  wall. 


The  distribution  of  u  and  c  in  the  gas  for  the  case  under 
oonslderatlon  is  given  in  Fig.  41. 

In  the  case  n  =  Z  ,  as  has  already  been  said,  p  and  c'  are 
only  functions  of  time  and  do  not  vary  at,  all  with  <  . 

The  solution  for  a  reflected  wave  in  the  gc  jtral  case  (n  +  3}  is 
extremely  complloated  and  unstd.table  for  a  number  of  transfoimatlons.  By 
considering  the  slight  variation  of  pressure  with  x  ,  STABYUKOVIGH 
obtained  a  simple  approximate  solution  for  the  reflected  wave  which 
guaranteed  good  aoouraoy.  For  this  purpose  the  pressure  acting  on  the 
wall  in  the  reflected  wave  la  expressed  approximately  as  a  function  of 
time  by  the  relationship 


J ■ 


(27.16) 


lAere  kt  and  7'  are  constants. 

Omitting  the  corresponding  deductions,  we  will  only  state  that  these 
constants  are  determined  by  oonparlng  the  results  of  the  exact  and 
approximate  solutions  according  to  the  formulae 


/ 


1  — 


] 


"['/S-'I 


4n 

. 


1. 


(27.17) 
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c  t 

Below,  the  values  of  ki  and  ajre  given  for  various  n  . 


n 

3 

Va 

Va 

1 

3 

1.80 

1,55 

1 

cj 

1 

6 

-0,28 

-0,83 

-0^ 

For  a  comparison  of  the  accuracy  of  the  results  ve  will  carry  out  an 
estimate  of  the  Impulses  acting  on  the  wall  during  the  outflow  of  gas  into 
a  vacuum  in  an  infinitely  long  tubei 


p,i  *1  + 


t 


(27.16) 


Also,  taking  into  account  the  well-known  thermo^namlc  relationship 

=£  lAdcb  in  the  given  case  gives  (/»■«»  I)  (\diere  £, 

is  the  total  energy  of  the  gas  and  Its  initial  volume,  because  the 
orosa-seotlonal  area  of  the  tube  is  un5,ty)  axid  writing  e.,  in  the  form 


(27.19) 

where  M.  is  the  total  mass  of  gas,  we  reduce  equation  (27.18)  to  the 


*‘+4 


form 


and  carrying  out  oalculationa  for  various  n  ,  we  find  values  for 


n 

..  3 

V. 

V» 

ei 

0,866 

0,850  .  , 

■  0,839 

\Mch  are  very  oloae  to  the  corresponding  values  of  g.  obtained  as  a 
result  of  exact  solutions. 

The  application  of  this 
approximate  method  facilitates  the 
solution  of  a  nuiaber  of  oonplioated 
problems  of  an  applied  diaraoter. 

In  ooncltision  we  note  that  the 
problem  of  the  interaction  of  two 
identical  oentered  rarefaction  waves 
emerging  simultaneously  (at  /»0 
from  the  points  x  a  0  and  x  <=•  21 
and  propagating  towards  one  another 
is  evidently  equivalent  to  the  problem  considered  above  of  the  reflection 
of  a  rarefaction  wave  from  a  wall  at  distance  t  from  the  open  end  of  a 
tube  (Slg.  42). 

§  28.  Bilateral  outflow  of  eas  from  a  cvliiidrloal  veBsel 

Into  a  Pine. 

The  preceding  problem  is  generalised  as  follows. 

At  the  moment  the  gas  begins  to  flow  out  of  the  right-hand 


Fig.  42.  Interaction  of  two 
identioal  oentered  rarefaction 
waves,  emerging  sismltaneously 
and  progressing  towards  one 
axiother. 
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end  of  a  ^Undrloal  vessel  of  length  I  Into  a  tube  of  the  same 
diameter.  Within  some  interval  of  time  t-  after  the 

first  rarefaction  wave  reaches  the  left-hand  side  of  the  vessel,  outflow 
of  gas  begins  from  the  left-hand  side.  During  the. Interval  of  time 

T  ,  the  \diole  prooess  reduces  to  the  propagation  of  a  simple 
wave  moving  to  the  left  from  the  rl^t-hand  side. 


Tie,  43.  Interaotion  of  rarefaction  waves  during  the  bilateral  outflow 
of  gas  into  a  tube  ooourring  xiosHslmultaneously. 

At  the  moment  ,  the  propagation  of  the  second  rarefaction  wave 

begins  from  the  left-hand  end  to  the  right.  Let  be  the  moment  of 

encounter  of  these  wavee,  while  it  is  evident  that  t  <  <ci  <  «  , 

During  the  interval  of  time  i<  /<ii  ,  we  have  an  undisturbed 
medium  between  the  fronts  of  the  approaching  waves,  i.e.  we  will  be  eon- 
eemed  only  with  the  motion  of  simple  waves. 

At  time  Ti'  ,  as  a  result  of  t..e  interaotion  of  wavee  I  and  1 1  , 
a  new  complicated  wave  arises  which  will  be  desoribed  by  the  general 
solution,  since  its  left  and  right  fronts  will  propagate  through  the 


•  a  r6. 


1 


disturbed  gas.  The  general  picture  of  the  phenomena  under  consideration 
ia  given  schematically  in  Fig.  43  with  the  help  of  C  characteristics. 

The  problem  of  bilateral  outflow  of  gas  into  a  tube  was  first  solved 
by  STANYUKOVICH.  The  results  of  the  corresponding  calculations  are  given 
below. 

The  massea  M  ,  the  impulses  I  and  the  energies  E  of  the  gas 
flows  to  right  and  left  are  deteznlned  from  the  following  relationships: 


*  T  ^  I  /?!(/?+ l)l2"^+‘  J  • 

ft  +  1,  D-^ 


?or  we  have 


A' 

/:■ 


^  I  (2g4-l)(g>?)l 

I  I  (2/?+ 1)  (iff +^)  Ik/? + 1)  («!)»>?« 


f®.’  1 

(2/); -t- 1)  (2/?i)i  ' 

lT(ir/?+i)(2/?+3)- 

]• 


(28,1) 


At  '  n-aS  ve  will  have 


/w 


fCgT 


(28.2) 

or  aubstltutlng  , c,«: /'«(«  — i)g,  where  g,  is  the  speoiflo  energy  of 
the  gas,  we  obtcdJi 


/,,a  =  /2OT.[-l/2*,Hrl]. 


The  energies  are  calculated  from  the  fonoula 


P  _ 1  n*  r  1  _ (2fy  -i"  pi _ I  ^  n 


(28.3) 


iSA-jiaiM- 


>Meh  at  nn3  gives 


(28.4) 


The  Indioea  1  and  2  refer  to  the  right  and  left  flows,  respectively. 


S  29.  CondiUons  for  the  origination  of  shoolc  vavea. 

In  f  23  It  was  shown  that  during  the  propagation  of  a  single 
oompresslon  wave  a  shook  wave  arises  which  Is  oharaoterlsed  by  an 
Infinitely  steep  front. 

In  fact,  let  sooe  distuxbanoe  of  arbitrary  amplitude  be  given  \dileh 
runs,  for  exasgile,  In  ^e  positive  dlreotion  of  the  x  axis.  Ve  shall 
find  the  velocity  cf  propagation  of  any  given  state  of  the  stsdiun.  let  us 
reoall  that  for  sinple  waves  all  the  parameters  of  state  (p,  e)  are 
eonneoted  with  the  velocity  u  by  a  sini^-valued  functional  variation. 

At  some  time  ii  at  the  point  Xi  let  us  assume  the  values  j 

c^e. ,  These  values  should  satisfy  the  solutions  obtained  l.e. 

<1 =(h +c)  +/'(«). 

Ve  will  now  detemlne  at  what  point  x»  the  values  of  u  and  c  are 
the  sane  at  some  tine  •  It  Is  evident  that  the  point  Xi 

should  satisfy  the  equation 


Xi=(u  +  c)tt-irF(u). 
From  (28.1)  and  (28.2)  we  find  that 


(29.2) 


(29.3) 


From  thl.s  it  follows  that  the  velooity  of  motion  of  the  given  state  of  the' 
medium  is  u  +  c7  .  Any  two  states,  charaoterizod  by  different  valnas  of 
u  and  c  will  be  propagated  at  constant  but  different  velocities. 
Because  of  this,  the  disturbanoe  cannot  be  propagated  wchanged;  points 
oharaoteriaing  the  parameters  of  state  of  the  medium  for  which  u-\-a  is 

greater,  for  example,  the  wave  crests,  i.e. 
the  places  where  the  density  is  a  maximum, 
will  move  more  rapidly  than  other  points 
for  which  the  valoee  of  u  +  e  are 
oonalderab^  less.  Tble  ie  evidently 
explained  physically  by  the  fact  that  in 
a  more  oonipreased  gas  the  velooity  of 
sound  ie  greater;  a  more  eoeqpressed  gas 
also  possesses  a  greatsr  mass  vslooity  in 
the  same  dlreotion  as  the  propagation  of 
sound. 

Aa  a  result  of  suoh  a  propagation  of  the  disturbanoe,  the  wave  will 
be  defozmed.  The  regions  of  compression  (wave  crests)  will  be  displaced 
forward,  the  reglone  of  rarefaction,  on  the  other  band,  will  lag  behind  the 
general  average  flow  of  the  gas  -  the  wave  oreata  will  beoome  steeper  and 
steeper  until  finally  its  front  beoooes  vertioal  Onoment  of  formation  of 
shade  wave):  The  intersesticn  of  the  eharacterlBtics,  shown  in  Fig.  35, 
also  reflects  this  phenomonon. 

If,  however,  the  pressures  are  calculated  at  later  moments  of  time, 
then  Biany-valued  fimotions  are  obtained,  aooordlng  to  which  one  and  the 
same  point  x  can  have  simultaneously  three  different  values  of  prassure 


Fig.  44.  Sefoxnatlon  of 
a  wave  of  finite  es^lituds. 


and  density,  iMch  is  absurd  from  the  physical  viewpoint. 

The  dharaoter  of  the  deformation  of  a  sinusoidal  wave  of  finite 
amplitude,  derived  from  the  obtained  solutions,  is  shown  schematically  In 
Fig.  44. 

The  reason  for  such  results  being  obtained  with  no  physical  meaning 
Is  because  the  original  differential  equations  in  gas-dynamics  which  vs 
used  only  hold  until  discontinuities  occur  (Fig.  35).  In  fact,  the 
occurrence  of  jumps  and  of  a^trfaoes  of  disoontinuitlea  (pressure,  density, 
temperature)  indicates  a  change  in  entropy  of  the  system  and  in  dei .ring 
the  solutions  we  neglected  thermal  conductivity,  i.e.  we  assumed  constant 
entropy. 

When  the  temperature  gradient  increases  without  limit  in  the 

motion  of  a  wave,  then  even  for  a  low  coefficient  of  thermal  conductivity 

AT 

1  the  flow  of  energy  i-jj-  ,  transferable  by  thermal  conductivity, 
should  also  inozvase  without  bound.  From  this  it  is  evident  that  for  the 
processes  oomiected  with  the  origination  of  large  temperature  gradients  it 
is  surely  necessary  to  take  into  account  the  thermal  conductivity  of  the 
medium. 

The  ooourrenoe  of  discontinuities  thxis  leads  to  an  increase  in 
entropy,  i.e.  to  a  dlsaipation  of  energy  and  consequently  implies  a  power¬ 
ful  dan^ng  of  the  wave. 
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CHAPTEE  VI 


ELEMENTARY  THEORY  OF  SHOCK  WAVES 
30.  Basic  Relations 

Shock  waves  play  a  very  important  part  in  the  propagation  of  deton¬ 
ation  waves;  they  are  of  major  interest  in  relation  to  the  mechanical 
effects  of  explosions.  The  theory  of  shock  waves  was  founded  in  the 
second  half  of  the  19th  century  hy  RANKINE  and  others;  RANKINE'S-  work, 
in  which  he  made  allowance  for  thermal  conduction,  was  the  earliest. 

In  which  the  basic  differential  equations  were  derived.  This  system  of 
equations  has,  so  far,  been  solved  only  for  the  special  case  of  a  steady- 
state  planar  stepwise  density  change.  The  basic  relationships  for 
steady  shock  waves. may  be  derived  directly  from  the  conservation  laws. 

The  following  is  a  deduction  of  the  basic  equations. 

first  of  all  I  consider  the  general  conditions  at  the  front  of  a 
general  shock  wave,  which  need  not  be  moving  uniformly.  The  front  is 
the  surface  at  which  there  are  discontinuities  in  the  parameters  for  the 
state  and  motion  of  the  medium;  the  basic  laws  for  this  front  in 
general  are  found  by  considering  the  behavior  of  an  element  of  the  sur¬ 
face  during  an  indefinitely  small  interval.  I  employ  a  rectangular 
coordinate  system  that  moves  with  the  element,  the  x'jiucls  being  normal 
to  the  surface  (fig.  45)*  74e  speed  of  the  wave  is  then  the  speed  at 

which  the  element  moves  along  the  ...vaxis. 

The  laws  of  conservation  (of  mass,  momentum,  and  energy)  apply  to 
the  surface;  the  law  of  conservation  of  mass  implies  that  any  fliuc  of 
matter  must  be  contlnuou's  across  the  element.  That  flux,  referred  to 


o24'^ 


unit  area,  is  p«, ,  in  which  p.  is  density  and  'M  is  the  component  of  the 
flow  velocity  along  the  ■*,  axis.  Let  subscripts  1  and  2  respectively 
denote  the  unperturbed  and  perturbed  sides;  then -the  law  of  conserv¬ 
ation  of  mass,  as  applied  to  the  front,  is 


The  law  of  conservation  of  momen¬ 
tum  is  used  as  follows.  The  con¬ 
dition  for  continuity  in  the  ,*■ 
component  of  the  momentum  flux  is 

'  Pi  +Pitfl  “/'s  +P»«I*  (30,2) 

The  conditions  for  continuity  in 


of  discontinuity. 


the  .y  and  s  components  are 

(30,3a) 

p,«>i  «p*a»Wi. 

(30,3b) 

energy  flux  "is 

<tUt  (‘^+4]  >• 

(30,4) 

(30,5) 

in  which  '  and  are  the  t,otal  velocities  and  ItmE-^pv  is  the  enth¬ 
alpy.  Then  (30 il)  gives  (30,4)  the  form 

+  ,  (30,6) 

To  these  six  equations  we  add' the  equation  of  state 

P^fihT),  (30,7) 


which  is  assumed  to  be  known. 

The  above  equations  define  the  conditions  at  the  front  completely; 
we  may  use  them  to  find  the  parameters  for  the  state  and  motion  of  the 
perturbed  medium  in  terms  of  the  parameters  for  the  unperturbed  medium. 


There  is  no  flow  of  .the  medium  through  the  surface  if  _Ui=iaj=»0  ; 
(30,2)  implies  that  p,  =  pj  .  The  density,  and  the  tangential  compon¬ 
ents  o' and  Bi,  may  undergo  any  changes  across  the  surface,  The  dis¬ 
continuity  is  called  tangential  if,  the  values  on  the  two  sides  are  ' 


unequal  for  one  (or  both)  of  the  tangential  components;  the  density  may 
or  may  not  change,  across  the  front.  The  discontinuity  is  called 


(30,8) 


special  if  e,  =  t»j.  and  Wi<=^Wi  but  pi  ■H'  ps'  • 

I  . 

A  flow  of  matter  through  the  front  must  imply  that 

«i  a,  y*  0; 

then  (30,3a),  (30,3h),  and  (30,1 )  imply  that 

Vi  =  ®a:  Wi  =  B(a,  (30,9) 

(the  tangential  velocity  components  are  continuous  across  the  surface). 

The  pressure,  density,  and  other  thermodynamic  parameters  then  have 

discontinuities  at  the  front;  the  above  system  of  equations  becomes 
^  1^2  2  * 

'p,u,  =PjB»,  />j+Pi“>“A  +  P»aa*  (30,10) 

The  flow  is  normal  to  the  front,  and  we  have  a  straight  shook  wave,  if 
but  u,  iMOjMiO  and  iviaBWjnO  ;  the  wave  is  spatially 
oblique  if  and  Wi  0,  .  The  wave  is  called  simply 

oblique  if  one  of  the  tangential  velocity  components  is  zero.  The  above 
relations  are  applicable  to  a  front  of  any  shape. 

The  front  (surface  of  discontinuity)  moves  at  a  speed  .Z>' along  the 
normal  to  the  surface.  It  is  always  possible  to  choose  a  coordinate 
system  such  that  the  motion  of  the  surface  occurs  along  that  normal; 
that  system  is  called  fixed,  to  distinguish  it  from  the  system  in  which 
our  element  of  the  front  is  at  rest.  The  velocities  Uio.  and ‘"uso'  in 
the  fixed  system  are 

«to  =  «i+A  Uio  —  u»~\-D,  (30,11) 

so  (3(^,10),  with  vic=V3<=‘Wi=>Wi<=0  .  ,  becomes 

Pi  (<^io  —  5=  Pa  (Wjo  —  D)i  Pi  +  Pi  (^10  ■”  ^)*  {U’io  —  ^)*» 

/i-hY(«.o-^)»=»4+T("M~-D)’-  (30,12) 

Now  I  turn  to  the  basic  properties  of  shock  waves,  which  are  con¬ 
sidered  in  relation  to  a  plane  straight  shock  wave. 


31.  Plane  Straight  Shock  Wave 

Consider  a  density  step  propagating  from  left  to  right  at  a  speed  :D 


In  a  cylinder  of  unit  cross-section.  Figure  46  indicates  the  para- 

r 

meters,  of  whic..  -jt  0  .  This  motion  Ui,  is  superimposed  on  the  motion 

of  the  front,  so  the  effective  speed 
of  the  step  in  the  medium  is  p.—  U\ 
and  the  flow  speed  behind  the  front  is 
Ua  —  Ui.  •  v^onsider  a  coordinate  system 
moving  in  the  opposite  sense  at  a 
speed  Z);  the  entire  medium  muat.__b5_. 
assigned  a  velocity  -D.  Cone  from  right  ' 
to  left),  which  leaves  the  front  AB  in  a  fixed  position.  The  conserv¬ 
ation  laws  then  give  us  the  relationships  we  need. 

The  medium  to  the  right  of  AB  moves  to  the  left  with  a  speed  D — ui ; 
the  medium  compressed  by  the  wave  moves  to  left  and  right  at  speeds 
D — ui  and  D  —  U2  respectively.  In  one  second  a  mass  of  gas  thai  initi¬ 

ally  took  up  a  volume  'D-^Ui  acquires  a  volume  D‘—U3  ‘,  its  right  bound¬ 
ary  moves  Up  to  AB,  while  its  left  boundary  .45  moves  to  CjDi  >  The 

« 

masses  in  these  two  volumes  are  the  same,  so 

p,(D--K,)  =  p,(Z3  — tt,).  (31,1) 

which  is  simply  the  law  of  conservation  of  matter.  MZWTON's  second  law 

is 

(31,2) 

in  which  /'is  force,  i  is  time,  and  Mu  is  change  of  momentum.  Here  the 

force  is  produced  by  the  pressure  difference  Pa“Pi.  ;  the  time  is  taken 

to  be  unity,  so  the  law  of  conservation  of  momentum  becomes 

/2— A  =  Pi(^  — «i)(«j  — wi)-  (31,3) 

The  internal  energy  of  unit  mass  of  the  medium  is .E\  the  kinetic  energy 

of  unit  mass  is  -j-  .  The  motion  of  the  medium  requires  an  intake  of 

work  equal  to  (  pgUj  — pjui.  :)  in  unit  time,  which,  referred  to  unit  mass, 

10  ^ 
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Fig.  46.  Motion  of  a 
plane  shock  wave. 


becomes 


PiUt—PlUj 

(D  —  Ui)  p,  • 


The  work  done  by  the  pressure  goes  to  change  the  internal  and  kinetic 
energies;  the  energy- balance  equation  is 


OjUj— £jUl 


(31,4) 


This  may  be  transformed  by  putting  (31,1)  in  the  form 

(31,5) 

in  whioh  is  the  specific  volume.  We  multiply  both  sides  by 

~V\Vi  to  get  that 


and  so 


(Z)  — a, )»,-./ 

'  •  "  w,-e,  ' 

Subtracting  a,  from  both  sides,  we  have 

whence  •  •  • 

Vi  «i— Vi 

Further,  (31,3)  gives  us  that 


Vi  Ut—Ui‘ 

Comparison  of  the  last  two  expressions  shows  that 

tt* — tti  =«  ViPi—Pt)  [Vi’-Vt). 

The  speed  of  the  wave  is  then  readily  found  as 

I 

Then  (31, 6)  and  (31,8)  enable  us  to  put  the  energy  equation  as 

■  £.  -  A = i  (%  -  ^)  [2  :»=^.  -  (». + «o]  =: ,  -  .0 


which  gives  us  that 


ft  — ■  £i  =  (t(i  —  I'a). 


(31,6) 


(31.7) 

(51.8) 


(31,9) 


This  is  called  HUGONIOT's  equation;  it  is  used  to  relate  the  parameters 
of  the  medium  on  the  two  sides  of  the  front. 

For  an  ideal  gas,  and  for  any  medium  that  obeys  the  polytropio  law 


3 


pii*  =  constant,  we  have  that 


E  =  c^T  = 


k—\  ■ 


1 


Simple  manipulations  give  us  that 

*j+J.  f»__  j 
/■»_  *»— 1  Tl 

^>1“  *1  +  1  Pi  • 
*1-1  Pi 


whlqh  become 


^  Pi  1  , 

^1  +  1  ,  Pi  ' 

*1-1 


Pi  ■  (*+»)pi-(*-i)pi  P>  vt  (*+nj»i+(*-i)j>i 
Pi  (*+ 1)  Pi P»  ’  Pi  <*1  (*  +  l)Pi  +  (*~ 


(31,10) 


(31,11) 


If  k\=ki  =  k  (If  the  change  Is  not  too  large).  These  equations 
express  the  shock  adiabatic  or  EUQONIOT's  adiabatic;  this  adiabatic 
represents  the  law  of  conservation  of  energy  and  Is  applicable  to  shock 
waves  In  polytropic  media  (It  Is  analogous  to  the  ordinary  adiabatic). 

Properties  of  shock  waves.  The  above  relations  are 


Ui—Ui  =  u  =»  V{pt—Pi){Vi—v»), 

D-u,^D 

;»=/(p.  n 


(31,12) 


This  Is  a  system  of  four  equations  In  five  unknowns;  we  can  determine 
four  of  the  parameters  If  the  fifth  Is  given.  Table  49  gives  the  para¬ 
meters  for -shock  waves  In  air  for  various  values  of  ^  \  It  is  con- 

Pi 

venlent  for  future  use  to  express  the  basic  parameters  'Ui,  Pa  ,  and  % 
as  functions  of  a  ,  the  velocity  of  sound  In  the  unperturbed  medium. 

We  put  ui  =  0,  ua’^u  ,  and  use  the  equation  of  state  for  Ideal  gases 
to  transform  (31,3)  to 


Pa — ’Pi  —  ^(Pa^a  —  Pi  7*1)  =  fiDu, 

PiCl 


(31,13) 


Table  ii-9 

Parameters  of  Shock  Waves  In  Air 


Initial  state : 


Pi  »=■  1  atm',  pi=  1,293  *10“*  (t/cbS,  7"]  tsa273°K,  <!i  =  333  n/sto. 


Pv  Vg/on." 

7, 

r. 

r,  •K 

£i 

Pi 

Hi  n/ato 

c„  a/ato^ 

Di  n/aaa 

2 

1.23 

336 

-  1.63 

'<■  175 

368 

452 

£ 

1.76 

482 

2,84 

452 

439 

608 

8 

2,26 

.  618 

3.53 

627 

497 

875  •, 

10  ■ 

2.58 

705 

3,88 

725 

528 

978' 

20  • 

4,12 

1126 

4.81 

1095 

■  661 

1369 

30 

5,57 

1532 

5.33 

1364 

763 

1676 

40 

6.95 

1898 

5.76 

1594 

847 

.  ■  1930 

50 

8.28 

2260 

6.04 

1795 

920 

2150 

60 

9.53 

2660 

6.30 

1978 

984 

2350  w- 

80 

11,76 

3210 

6.70 

2300 

1080 

2705 

■  100 

14.15 

3860 

7.06 

2590 

USD  . 

3020 

200 

23.71 

6475 

'8,43 

3715 

1490 

4220 

300 

31.6 

8630 

9.48 

4590 

1700 

5160 

400 

38.5 

10520 

10.38 

5330 

1860 

5900 

500 

44.8 

12200 

11.15 

5080 

1930 

6570 

600 

50.4 

13760 

11.91 

6570 

2100 

7140 

700 

55,6 

15190 

12,58 

7130 

•  2200 

7730 

800 

60,6 

16540 

13.2 

7620 

2300 

8260 

900 

55.2 

17810 

13.8 

8100 

2330 

8730 

1000 

70.0 

19100 

14.3 

8560 

2460 

9210 

1300 

81,6 

22330 

15.9 

9800 

2540 

10450 

•  1600 

92.7 

25310 

17.3 

10850 

2800 

11550' 

2000 

106,2 

299U0 

18,8 

12210 

2990 

12900, 

2500 

120.4 

32860 

20,8 

13700 

3160 

14360 

3000 

134,4 

36700 

22,3 

15050 

3340 

157501 

Here  we'inaert  the  pa,  of  (51.5)  and  the  7j  of  (51,10),  with  , 

to  get  finally  that 


(here 
us  that 


(51,14) 


The  «.of  (31,14)  is  inserted  in  (31,15)  to  give 


/;»,-A  =  V  =  ^,P,Z0*(l  (51,15) 

Further,  (51,5)  gives  us  that 

These  equations  give  us  the  basic  relationships  for  sound  v/aves;  if 


Pi-*  Pi  .  t'a  -*  1 


Fig.  47.  Eugoniot  curve 
(shock-wave  adiabatic). 


Here  u=^Q  (the  medium  is  at  rest),  and  (31,9)  becomes 

dE~ — pdv,' 

which  is  the  usual  adiabatic  law  pu"  =  constant  for  an  ideal  gas.  The 
^  \|  previous  relationships  imply  .that 

and  ,u^Q,  with  u<’,D  ,  for  a 

I  shock  wave;  the  medium  is  dis-olaced. 

I  in  the  direction  of  motion  of  the  front, 

''  j  ^  ^  lower  speed.  The  shock  adia- 

,,  .,±1  *  batic  plays  a  very  important  part  in 

Fig.  47.  Eugoniot  curve  the  theory  of  shock  waves;  the  rela- 

(shook-wave  adiabatic).  tion  may  be  represented  as  a 

diagram  (Fig.  47),  which  provides  a 
simple  and  convenient  means  of  examining  the  behavior  of  shook  waves. 
Through  A  (which  represents  the  state  of  the  unperturbed  medium)  and  B 
(which  represents  the  state  behind  the  front)  we  draw  a  straight  line, 
for  which 

Balia  a, 

— V,  '  ■ 

in  which  a  is  as  shown.  This  shows  that  a  defines  D &nd  - it  completely. 

Any  point  above  A  on  the  curve  corresponds  to  a  shock  wave,  because 
and  whereas  below  Awe  have  that  {pi’—P\)<iO  and 

(ui  —  ej)<0  '  ,  so  and  «<(0  .  This  means  that  the  medium  is  dis¬ 

placed  in  a  sense  opposed  to  that  in  which  the  perturbation  propagates; 
that  is,  we  have,  a  wave  of  rarefaction.  Now  pt-*  P\  and 
.at  the  limit  for  a  weak  shock  wave,  so 

Z?  =»  Vi /t«.«  =  , 

which  means  that  the  shock  adiabatic  becomes  an  ordinary  one;  the  two 
have  a  common  tangent  at'^. 


The  entropy  increases  as  we  pass  from  A  to  B  along  the  shock-wave 
curve;  for  an  ideal  gas 

i  (31,17) 


so 


which  gives  us  that 


The  integral  is 


dQ=^pdv  ■\~CvdT,  \ 

^  =  dS'—^dv-\-c^y.  i 

f 

dS=sRd\T\v  +  c^d\nT. 

5— •  w+tf*ln  7’ » In  (»"  r*» ). 


(31,18) 


We  replace  T  by  ,p  and  v.  to  get  that 

and  so 

py^  =  Rev  =6.  (31,19) 

Now  ci"*PiVi  for  the  unperturbed  uadiua,  and  oi^pabi'  for  ^the  per¬ 
turbed  medium;  inserting  the  ‘03  of  (31,11),  we  have  that 


(31, ap) 


That  is,  the  larger  p^  the  greater  the  entropy  increase.  It  can  be 
shown  that  condition  for  a  shock  wave  in  any 

medium. 

To  the'  above  relations  we  may  add  one  for  the  tempi,rature  at  the 
front  for  an  ideal  gas.  Here  pt/=-^7'.,  so 


T. 


fti- ,  ,  jg. 

n. 


(31, 21)'- 


’  =  £»  ^1  — J  Pt 

■■  ^1  Pi'H/  Pi  *1  +  1  >  , 

i  *1-1 


in  which  the  prime  denotes  the  parameters  of  the  medium  for  the  shook 
wave.  Shock  coinpression  causes  the  temperature  to  increase  with  the 
pressure  more  rapidly  than  for  normal  adiabatic  compression;  the 
reason,  as  we  shall  see,  is  that  the  density  at  the  front  remains  finite 
at  10-12  times  its  initial  value  even  when  P2-+00'.  A  normal  adiabatic 
process  obeys  the  laws 


so 


t-l  J_ 

T  oc,C“  aC.p  *  :  p  ocp'‘ . 


and 


K-l 

_L“  — /'£5\  * 

r,  \pj  : 

v'  ‘  ;  »  1  ^1  +  *  I  ^8 

/'£2\ =/'5a.\  —(P^Y  ^1-1  W’l  (31, 22) 

^2»  'A/  Vp»/  'Pl/»  VPj/  VA/  + 1  A  I  1 

■  .  _  .  *a-l  a"*"  ' 

in  which  subscript  a  denotes  parameters  for  normal  adiabatic  compresoionj 


(31,21)  and  (31,22),  with  k^^ki^k  .,  become 

ll_  ^  Pi  (*+l);’i  +  (*  — 1)A 
^1  Pi  (*  +  UA  +  (*  ~  1)^1  ’ 

(*  +  ^)A  +  (A  — !);>» 
T'-,.  W  (*  +  l)P9  +  (*-l)i>i' 


(51,23) 


(51,24) 

Equations  (31,14),  (31,15),  (31,21),  (31,23),  and  (31,24)  takf 
particularly  simple  forms  if  pi'I^Pi.  ! 


Pa_*  +  i 
£l  -  El  k  —  \ 

Ti  ~  Pi  lt  +  \' 


'  IL 

•  I'm 


M*  i:zi 
W  *  +  r 


,(51.25) 
i(31.26) 
(31.27)' 
'  (31.20) 
,(31.29) 


Equation  (31,27)  shows  that  the  density  does  tend  to  a  definite  limit, 
which  is  dependent  on  k.  Table  30  gives  values  computed  for  air  by 
Burkhardt  on  the  basis  of  revised  values  for  the  specific  heats  (with 
allowance  for  dissociation  and  ionization  in  the  shock  wave);  for 
example,  7'j  =  30P00®K  and  -^=9^  for  ,~  =  3000  .  Eigures  48  and 

49  compars  these  results  with  those  given  by  classical'  formulas  based  bn 
the  assumption  of  constancy  in  the  specific  heats.  These  results  show 
that  D  and  ,pa  vary  little  with  ‘k  if  the  gas  is  ideal.  Further,  the 
classical  methods  give  the  Tt  for  a  given  .  (=  '")  tpo  large  if  the 


^1! 


Table  50 


Parameters  of  Shock  Waves  Producing  Dissociation  and- 

I 


Ionization 


Initial  itata  of'alri  .  atn,  7j  ■=  273°K,  pj  =  1.293 •  IQ-^g/oaS 


Si. 

Pi 

• 

'  9% 

T 

u,  t/taa 

S>  .a/itc  1 

216 

20.5 

5600 

9 

3870 

4350 

266 

22.0 

6000 

10 

4320 

4800 

384 

26.0 

7000 

11 

5220 

5750 

1040 

48.0 

13100 

11 

8600 

0470 

1620 

75.0 

20500 

10 

10680 

11860 

2990 

114.0 

31200 

9.5 

14500 

16200 

4080 

140.0 

38000 

9.0 

16900 

19000 

heat  capacity  is  assumed  to  be  a  linear  function  of  temperature;  for 
example,  'Tt  comes  out  20^6  larger  than  BlTEKHARDT's  value  for  a -it  of  3OOO. 


Pig.  4^.  Batio  of  the  speed  of  a  shock  wave  to  the  speed  of 
sound  as  a  function  of  the  pressure  ratio  for  an  ideal  gas 

and  for  air. 

The  really  large  discrepancies  occur  in  ,  though;  dissociation 


and  ionization  are  very  important  at  high  temperatures.  The  number  of 
particles  increases,  so  the  density  tends  to  decrease.  The  density 


given  by  the  classical  formulas  is  2.3  times  that  found  by  BUBKEAfiDT  for 
a  It  of  3000,  for  example.  Figure  49  shows  that  the  density  may  even  fall 
as  TT  increases  at  the  higher  it,  because  dissociation  becomes  very  impor¬ 
tant.  Table  30  indicates  that  for  air  at  the  limit,  so 

A3«»1,23  .  (The  theory  of  dissociation  and  ionization  in  shock  waves 

is  dealt  with  in  section  33*) 

The  conclusions  to  be  drawn  are  as  follows. 

1.  The  speed  of  a  shock  wave  is  always  greater  thfin  that  of  sound 
in  the  unperturbed  medium. 

2.  The  parameters  for  the  state  and  motion  of  the  medium  show  step¬ 
wise  changes  at  the  shook  front. 

3.  The  medium  behind  a  shock  wave  is  displaced  in  the  sense  of 
motion  of  that  .wave. 

4.  The  speed  is  dependent  on  the  amplitude,  which  is  not  so  for 

a  7^ 


sound  waves. 


5-  The  entropy  increases  (  )  v;hen  a  shock  wave  is  formed. 

6.  A  shock  wave  propagates  as  a  single  step  in  de  sity;  it  is  not 
oscillatory. 

So  far  we  have  considered  a  shook  wave  as  representing  discontin¬ 
uities  in  pressure,  density,  and  temperature  (Fig.  50);  we  have  con¬ 
sidered  the  parameters  on  either  side  of  the  front,  but  we  have  not 


shock  wave.  shock  wave. 


examined  the  structure  of  the  front  itself.  The  viscosity  and  thermal 
conductivity  prevent  the  gradients  from  being  indefinitely  large'^  the 
front  itself  takes  somewhat  the  form  shown  in  Fig.  51,  and  there  is  a 
very  narrow  transition  zone  between  the  planes  i4  and  P.  This  zone  con¬ 
tains  only  a  very  small  amount  of  matter,  and  its  thickness  remains 
'constant,  so  we  were  justified  in  neglecting  the  processes  in  this  hone 
in  the  above  treatment.  The  shock  adiabatic  uniquely  defines  the  final 
state  behind  the  front,  but  it  tells  us  nothing  about  the  changes  in  the 
frontal  zone.  These  changes  cannot  be  considered  unless  ,we  introduce 
the  viscosity  and  thermal  conductivity,  which  have  no  effect  on  the 
relation  of  the  final  state  to  the  initial  state.  For  example,  the 
equation 


Vi— V, 


was  deri.ved  from  the  laws  of  conservation  for  mass  and  momentum;  it  is 


correct  except  when  viscosity  effects  are  present  (as  at  the  front),  for 
these  alter  the  equation  of  conservation  for  the  momentum. 

A  study  of  the  differential  equations  as  corrected  for  the  viscosity 
and  thermal  conductivity  reveals  that  the  width  d  of  the  front  is  of  the 
order  of  the  mean  free  path  for  the  initial  state.  ZSL'DOVICE  has 
shown  from  the  kinetic  theory  of  gases  that 

in  which  /  is  the  mean  free  path;  TAYLOS  has  assumed  that  the  ratio  of 
the  kinematic  viscosity  to  the  thermal  diffusivity  is  one,  in  which 
case  d  for  air  is 


,(=4X10-^,., 

(Ap  in  atm).  These  expressions  show  that  d  is  of  the  order  of  for 
strong  shock  waves  ‘  >  px\  . 

?inally,  equations  based  on  the  assumption  of  continuity  describe 
the  behavior  correctly  only  if  the  parameters  change  relatively  little 
within  .a  mean  free  path.  This  means  that  the  results  they  givp  rep¬ 
resent  only  a  first  approximation.  A  more  detailed  examination 
Involves  a  study  of  the  behavior  of  the  various  internal  degrees  of 
freedom  of  the  gas. 

The  specific  heat  for  very  rapid  changes  (as  in  shock  waves)  may 
be  appreciably  less  than  that  for  slow  changes.  A  gas  molecule  carries 
energy  of  rotation,  vibration,  and  forward  motion;  all  those  increase 
with  the  temperature,  and  additional  degrees  of  freedom  associated  with 
excited  electronic  states  become  significant  at  high  temperatures. 

The  various  degrees  of  freedom  do  not  take  up  energy  equally  readily; 
the  forward  motion  and  rotation  do  so  almost  instantaneously,  but. the 
vibrations  respond  relatively  slowly.  For  example,  the  time  needed' to 
reach  vibrational  equilibrium  is  about  lO"*'  sac  for  'COs.  One  resiilt  of 


.%  7  ^" 


this  is  that  the  velocity  of  sound  increases  with  frequency;  this  is 
equivalent  to  a  reduction  in  the  specific  heat,  which  itself  implies. an 
increase  in  A,  because  slow  response  of  the  internal 

t 

degrees  of  freedom  affects  the  structure  of 
the  front,  because  the  compression  is  very 
rapid.  Dissociation  is  also  a  process  that 

Fig.  52. . Structure  of  takes  an  appreciable  time.  Zel'dovich’ 

a  strong  shock  wave  in  states  that  a  strong  shock  wave  starts  with 

a  gas  showing  slow  res-  a  discontinuity,  which  has  a  width  of  the 

ponse  in  its  degrees  of  order  of  the  mean  free  path  and  which  shows  ' 

*  freedom.  "  no  appreciable  excitation  of  the^ internal 

degrees  of  freedom.  Following  this  there  is 
a  fairly  gradual  rise  over  a  length  of  the  order  of  Z7‘t  (in  which  t  is 
the  excitation  time);  Fig.  52  shows  the  structure.  A  detailed  quanti¬ 
tative  study  confirms  this;  the  front  consists  of  two  parts,  one  having 
very  large  gradients  over  a  distance  of  a  few  times  the  mean  free  path, 
and  the  other  (a  few  mmi  wide)  having  comparatively  small  gradients. 

Tdpler  photographs  confirm  these  theoretical  deductions. 

52.  Oblique  Shock  Wave 

This  type  may  arise  when  a  flow  whose  speed  is  constant  strikes  an 
inclined  plane  (Fig.  53) •  At  the  junction  ,k  of  the  two  planes  there 


Fig.  53,.  Formation  of  an  oblique  Fig.  54.  Supersonic  flow 

plane  shock  wave;  S  is  the  front.  around  a  wedge;  two  shook 


waves . 


arises  an  oblique  shock  wave;  the  flow  is  turned  abruptly  through  the 
angle  5  between  the  planes,  v/hersnpon  it  continues  with  a  fixed  speed 
This  occurs  if  0  is  loss  than  some  limit.  Again,  a  flow  around  a 


wedge  (Fig.  54)  produces  two  shock 


Fig.  55*  Rotation  of  the  flow 
after  passage  through  an 
oblique  shock  front. 

1)  Front;  2)  flow 
direction. 


waves;  this  type  may  be  derived  by 
combining  two  flows,  one  for  each 
side  of  the  wedge.  Let  us  con¬ 
sider  first  a  plane  oblique  shock 
wave,  in  which  the  incident  flow 
mokes  an  angle  with  the  front 
(Fig.  55)  •  Let  ^1,  and  >'^1  be  the 
speeds  of  the  flow  on  the  two 
sides,  and  let  U;  and  Sg  be  the 
projections  of  those  speeds  on  an 
axis  parallel  to  the  front.  The 
equations  for  the  laws  of  con¬ 
servation  then  become 


hill  =a»  pj«i,  -|r  -ij-  ^  "J"  > 

Pi  +h‘i]  =  pt-\~  Vi  =  Vi. 


(32,1) 


Here  (30,8)  and  (30,9)  imply  that  vi^aVi  and  wi  =  Wa’=0  (two-dimensional 
case).  The  direction  of  the  flow  is  altered,  because  vi  m.  cg  but 
,ug<ui  ,  as  (32,1)  shows  directly: 

“f  Pa  ^  ■ 

Let  a  be  the  angle  between  the  front  and  the  flow  direction  behind 
the  front  (Fig.  55);  then 


=  sine?,  '&i=i7iC0S<?,  1 

1X3=  ^2  sin  U),  Z/a  =  ff»COS  (0)  f 


(32,2) 


in  which  is  the  resultant  of  «,  and  v^, ,  and  is  the  same  for  .a,,  and 
■a,.  Prom  (32,2)  we  have  that 

K.. 

=  tM  O,  --  =  um  <u,  , 

V,  >15 


Xll 


but  Vi  —  Vi  ,  BO 


V5  ^  I  _ tan  (I) 

U]  tan  o  ' 


(32,3) 

(32,  if) 

(32.5) 

(32.6) 


which  means  that  .  The  ang:la  turned  through  by  the  flow  is 

0  =  <j)  — Cl)  ,  so  (32,3)  nay  be  put  as 

aa  _  Pi  _  “"fa  —  0) 

“1  fa  •“¥ 

whereupon  (32,1) -(32,3)  give  us  that* 

Pa  ~ A  =  =  Pi?!  sin*  cp  ( 1  -  Ji) . 

The  energy  equation  for  a  polytropic  medium  gives  us  that 

t 

ft  _(*+!)/’? +  (*-!)/>» 

h  (*Ttl)/'a  +  (*— i)Pi‘ 

Then  the  of  (32,5)  gives  us  that 

.  .  ^  •f 

We  may  find  a  relation  between.^;  and  'S'  by  combining  (32,4),  (32,5), 
and  (32,7),  which  give  us  that 

and  this  may  be  transformed  to 

(32,9) 

This  gives  us  ,  so  pg.  and  Ug  may  be  found.  That  is,  we  have  a 

complete  solution  for  the  parameters  of  the  flow  behind  the  front  if  p,  , 

Pi  ,  Ut  ",  and  9  are  given. 

A  necessary  condition  for  a  shock 
wave  to  arise  as  in  Fig.  53  is  Ui>Ci'  1 
that  is,  the  normal  component  of  the 
speed  must  be  supersonic,  not  merely 
the  speed  itself.  Then  9i>Ci  in 
every  case,  because  Oi  > 0  .  It  can  be 
shown  that  there  is  a  limit  9o  such 
that  for  ■G>flo  the  shock  wave  becomes 


tached  from  vertex  of  cone. 
1)  Front. 


detached  (Fig-  5^))  the  shock  wave  becomes  straight  on  the  axis  of 
symmetry.  Further  (purely  adiabatic)  compression  occurs  in  the  region 
00';  the  pressure  at  O'  is  given  by 

in  which  /'  and  p,  are  the  enthalpy  and  pressure  at  0' .  Now 

L _ i_£3 


so  we  have  that 


k 

Pi 


(32,11) 


The  uj.  ,  Pa ,  and  pa  appearing  here  are  given  by  the  formulas  for  straight 
fronts  (t'i'=ri=0)  ;  (32,1)  and  (32,6)  give  us  that 


„  _ Pi  „  Pi  (4  — np3  +  (*  +  l)/>i 


Pii«i 


Pi  "  ‘r*+i)p»+{*-j)/>i  2p,iij-(4-i)/>, ' 


(32,12) 


and  so 


r-f' 

Pi  j 


*_1  (k-i)ui  +  Se\ 
4  -  1  a 

2«J — r 


(32,13) 


If  U|=Ci,  Pa  =  Pi  ,  and 


k 

i*-i 


If  «i::s>r, 


I  (4-1)»\f::t  -  I  4-1  ■  (4-..l>  , 


(32,14) 


At  the  limit,  — =-^ 
Pi  Pi 


Pi 

second,  — =  1 
Pi 


,  when  k=-  \  ,  in  the  first  case;  in  the 
That  is,  the  pressure  increases  only  slightly  within 
the  adiabatic  zone  if  the  shock  wave  is  sufficiently  strong.  The  angle 
.'Qj  is  given  by  (32,9),  which  we  put  in  the  form 


l4a  (9 —  0)  _  4  —  1 


2c] 


Ui9  4+1^  (4+l)?Jsln>9‘ 


Then,  because 


tan  ((f  —  6)  ! 


UA  9  — tanO 

1  +  taa9ii4  6  ’ 


(32,15) 


we  have  that 


I »  f  (~Y“  ^  0  (3  —  1)  “I" (~5~  P  +  '  ***'  ®  ~ 


2 

(Mi  =  .V*oii  Ho.  ■). 

For  simplicity,  we  put  cot  0  — a  and  tan  9=^1/  ,  with  k  =  ^/i  ,  which 
givi^s  us  that 

/(p+5)-Say(3-l)4-(63-hS)>-+S«  =  0r  (32, -17) 

This  shows  that  ='  l/(  p  — I  )  for  any  k  when  0  =  0,  so 

sin  »  =  ^ , 

which  is  so  for  sound  waves.  This  y  is  always  positive,  because  the 
physically  significant  range  in  9  is 

0<9<|. 

Equation  (32,16)  becomes,  -when  ’  1  , 


(32,16) 


and  so 


AH-  1 


"(A—  n»'  A-l’ 

The  solution  is  physically  meaningful  if  o>  A*'  — 1  ,  so 

The  relation  of  f  to  ^  for  a  given  angle  .0  =  01  is 

p-I 


(32,18) 

(32.19) 

(32.20) 

(32.21) 


in  which  ai.=  .a«i'6i 


Fig-  57-  The  relation  'p=/(;r). 


,  ,  lk—\  ,  ,  A-t-l  \  • 

Figure  57  shows  'p  =  /(^)-  for  a>ao  ,  in  which 

This  shows  that  there  are  two 
,roi.."£:  of  u  for  «.very  ? 

the  actual  process  usually 
corresponds  to  the  smaller 
value  of  y  (the  weaker  shock 
wave);  the  third  value  of  y 
for  'p>Po.  is  negative  and 
has  no  physical  significance. 


The  limit  defines  the  smallest  that  can  occur  for  a 

\  /O  Cj 

given  0].  The  two  positive  roots  of  (p2,l6)  coincide  when  ^=-?a  , 

The  flow  conditions  alter  when  l)>flo,and  the  shock  wave 

becomes  detached.  We  can  find  0o  =  /(9o  )  from  (32,21 )  and,  by  equating 
the  derivative  to  aero,  we  can  find  the  condition  for  minimal  P: 


fft+l  I+yi  3— A  1  „  ^ 

- IT  +>0  =  0- 


(32,22) 


The  results  for  oblique  shock  waves  are  best  presented  by  means  of 
graphs  based  on  shock  polars,  which  relate  the  parameters  of  the  medium 
behind  the  front  to  qi  and  Ci. .  Here  we  need  the  components  of  q^  and 
Cl  along  the  x  and  y  axes,  the  x  axis  being  the  direction  of  the  inci¬ 


dent  flow.  Figure  55  shows  that 

Ki»=^i.  «ij(==0<  aja  =  «8sin!p4-*'i(COs.<p, 

U2K  =  ®isin<p — ujCosif.  (32,23) 

We  eliminate  9,  V3  ,  and  vi  from  these  equations  to  get  the  equation  for 


the  shock  polar  as 


uly  —  (qi  —  Sja)* 


l~i  "“gl) 


2  c'f 

(?i-“w)+jqri7 


(32,24) 


This  is  shov/n^.in  graph  form  in  Fig.  58*  This  polar  enables  us  to  con-  . 
ujif  struct  the  oblique  front  (the 

line  05)  as  follows.  The  direo- 
tion  of  qi.  is  given  by  tan  fl  — 

\  /  5°  corresponds 

^  ^  to  •  qi^cii  ) ;  from  0  we  draw  a 

Fig.  58.  The  shook  polar  in  ^ 

“  straight  line  at  an  angle  9  to 

the  Uj„  ,  u,i,  plane.  horizontal  axis  to  meet  the 

curve  at  -A  and  5.  This  result 


means  that  two  modes 'of  flow  are,  in  principle,  possible  for  the  given  ,6 
Cl  ,  and  <7i.  ,  as  we  have  seen  previously.  The  usual  mode  is  that  corres¬ 
ponding  to  5;  vector  05  defines  q^.  The  line  of  the  front,  which  lies 


at  an  angle  <f  to  <fi  (i,. e.,  to  OBc) ,  is  normal  to  the  line  joining  Ba  to 
B,  because  the  vector  (  ^2  —  (h  )  is  normal  to  the  front.  It  is  also 

clear  that  6<[9  (this  has  also  been  demonstrated  above).  Now  A  cannot 
exceed  the  limit  '8o  for  a  given  C\  and  qt  ;  this  limit  corresponds  to 
the  tangent  OT.  Now  80.  increases  with  and  tends  to  the  limit 

sinOo  =  i.-  (32,25) 

when  00  .  A  normal  front  (straight  shock  wave)  corresponds  to 

the  point  where  tJe  polar  cuts  the  uja,  axis;  then  .  a,*  =  ^2*  =  . 

This  polar  gives  us  directly  only  relations  between  the  velocities; 
the  pressure  behind  the  front  is  given  by  (32,7)  and  (32,8),  and  the- 
density  by  (32,6). 

33 •  Acoustic  Theory  of  Shock  Waves 
If  (weak  shock  wave),  there  is  very  little  change  in  ent¬ 

ropy,  so  we  may  consider  the  wave  as  being  almost  a  simple  comp.ression 
wave  having  a  discontinuity  at  its  front  (the  entropy  is  then  constant). 
Let  the  wave  transfer  the  gas  from  the  state  {  t/j,  )  to  the  state 
(  Pi,  Vi,  Ui  ) ;  it  is  readily  shown  that  the  quantities  for  the  final 
state  after  a  weak  shock  wave  differ  from  those  for  a  simple  wave  only  as 
regards  terms  of  order  higher  than  the  second.  'To  this  end  we  put  the 
equations  for  shock  waves  in  the  form 

rtj  —  «,  =  / (pj — p^)  (v,  —  Vi), 

P^i—Pi  —  P.  (:h  —  Ki)  (D  —  a,), 

PtVs:^r,vi  _  Pt+Pn 

■jpr.'i  2  1^0-  I'l). 

and  so,  for  ,  wo  have 

C2  —  —  — '2~‘ 

«j+^2==MiH-Ci+^4^(«a  — _  '.(33,2) 

Pt~Ptr=  Pi^i  (a« ~ "i)  +  ^^Pi ("a  —  Ml)®  -4-  •  •  • 

Further,  we  expand  D‘  =  D  —  a,  in  powers  of  (  Hj  —  Ui’  )  to  get 

d'.  =  +  c.  (Ui  - «,)  +  . . .  (35,3) 


(33,1) 


Substitution  for  (  Uf~ui  )  from  the  previous  expansion  gives  us  that 


O'  ^  -r -f  Y  («2 + -f  ~ .  (33,4) 

That  is,  the  speed  of  the  shock  wave  is,  to  a  first  approximation, 

simply  the  mean  of  the  speeds  for  small  perturbations  on  the  two  sides: 

=  +'^1  4-«a  +  Ca)-  (33,5) 

If  the  initial  state  (  «i,  Ci,  )  for  a  simple  wave  is  a  steady  flow,  we 


have  that 


k-l 


Then  (33,2),  with  -fs.  =  f-£l\*  ,  ^ s=(il\  *  ,  gives  us  that 

Pi  \  fi  /  «i  \  Pi  ^ 


(33,6) 


n 


(33,7) 


Ma  +  <?a  =  4- ^  («8  —  «i). 

We  expand  i(  pi — pi  )  in  terms  of  (  u»  —  u^  )  to  get  that 

Pi  =  Pi-]~  ?iOi  («a  —  Ui)  -|-  Pi  («a  “i)“  4“  •  •  • 

and  so,  if  -^<^1  ,  the  parameters  of  the  two  waves  are  the  same  up 

Pi 

to  quantities  of  the  second  order.  TMs  means  that  our  future  cal¬ 
culations  for  weak  shock  waves  may  be  based  on  the  approximate  forxnulas 


(33,8) 


o'  _  ''l  4~  g]  +  «,  T  t, 
2 

Aj?  =  p,Ci  (Ua  —  Ui), 

Pi('<a-ui). 

•  ei 


(33,9) 


The  error  resulting  from  the  use  of  these  formulas  is  very  small 

even  whan  is  somewhat  greater  than  one;  for  example,  if 

. 

and.  ^  =  1.5  ,  the  exact  formulas  give  us  that 

Pi 

_ 0  71 

-—■=  1.51  . 

Cl 

while  the  approximate  ones  give  us  that 


=  0.15 


“Liiifl=o.70;  £l=l£l-=0,14: 

“I  Cl 

D' 

—  =  1.52, 

.  =1 


This  enables  u's  to  use  the  acoustic  approximation  for  waves  of  .  ^ 
somewhat  greater  than  one  in  certain  theoretical  treatments  (in  partic¬ 
ular,  for  the  reflection  of  a  detonation  wave  from  a  wall;  see  section 
58). 


34.  Energy  Dissipation  in  Shock  Waves' 

The  motion  is  isentropic  if  the  state  of  the  medium  changes  slov/ly 

during  an  adiabatic  process.  The  thermodynamic  criterion  here  is  that 

the  rate  of  approach  to  equilibrium 

should  be  substantially  in  excess  of 

the  rate  of  any  external  perturbation. 

The  rate  of  approach  to  equilibrium  is 

correlated  with  the  speed  of  elastic 
T 

vibrations  in  the  medium;  compression 

yis*  59*  Shock  adiabatic 

by  a  piston  or  a  blow  on  a  surface  is  ' 

and  isentropic  line. 

isentropic  if  the  speed  of  the  piston 
or  striker  is  less  than  the  speed  of 

sound,  for  example. 

The  entropy  is  increased  by  the  passage  of  a  shock  wave;  physic¬ 
ally,  this  means  that  the  organized  energy  of  the  flow  is  in  part  con¬ 
verted  to  unorganized  thermal  energy.  The  kinetic  energy  deicreases, 
and  the  internal  energy  increases,  as  ,we  see  from 

4  —  4°^^° '2  ('^o  +  ^a)  (34,1) 

fj  — £o=y(/>j-l-Po)(t'o  — t**)!  (34,2) 

in  which  subscripts  0  and  .2  denote  the  states  before  and  at  the  front. 

The  irreversible  loss  of  energy  is  defined  by 

•  w  ' 

■  Ei  —  El  =  -j  (Pi+Po)ivo  —  Vi)  —  J  vdp.  (34,3) 

Vm 


whereas  the  energy  in  state  2.  after  an  isentropic  co.^ipression  is 


■  (34,4) 


The  expar.oion  from  state  2  to  state  /  is  isentropic  (Fig.  59) »  so 

.E,-E,^  jvdp.  (34^5) 

Then  (34»3 )“  (34, 5)  give  us  the  irreversible  loss  as 

t>, 

'  lE=E,-E,  =  -^^^{v^-v^)- f  vdp,  (34,6) 

«i 

This  energy  goes  to  produce  the  increased  temperature  found  when  the 
expansion  is  complete,  so  (34,6)  gives  us  that  temperature.  For 
example,  for  an  ideal  gas  we  have  that 


which  implies  that  for  Pi=Po  (which  means  that  di)>£io  ^  have  that 

dT  =  (z/o  -  V,)  W  ;  •  (34^7) 

in  which  yi  is  given  by 

El  =  /'JiiV 

Pc  ^4/  ' 

The  temperature  after  the  passage  of  the  shock  wave  is  then  given 
by  (34,7). 

35.  Shock  '.aves  in  Air:  Allowance  for  Dissociation 
and  Ionization 

A'  strong  shock  wave  produces  a  pronounced  temperature  rise;  the 
number  of  particles  tends  to  increase,  on  account  of  dissociation  and 
ionization.  The  change  in  the  number  of  particles  alters  the  forms 
taken  by  the  equation  of  state  and  by  the  shock  adiabatic;  the  effects 
are  reflected  to  varying  extents  in  all  parameters.  These  factors  are 
exceptionally  important  in  a  nuclear  explosion;  the  shock  wave  produces 
partial  dissociation  and  ionization  out  to  great  distances  from  the 
center.  Radiation  plays  an  important  part  in  energy  transfer  also,  at 
least  for  rather  shorter  distances.  The  law  of  mass  action  applies  to 
ionization  and  dissociation;  the  equilibrium  constants  for  these 


procesaeB  enable  us  to  deternine  the  composition  and  hence  the  number 
of  particles.  Develv.  -lents  in  sijecti'oscopy  and  theoretical  physics 
\  have  provided  us.  with  means  of  computing  thermodynamic  functions  with 
an  accuracy  far  exceeding  that  of  methods  normally  used  in  chemical 

Hi 

thermodynamics.  These  calculations  can  be  extended  to  the  very  high¬ 
est  temperatures  for  a  variety  of  reactions;  they  are  bsfsed  on  quantum 
statistics,  and  can  be  applied  with  advantage  to  shock  waves. 

Statistical  method  for  therraodynaniie  functions.  The  total  energy 
of  a  gas  molecule  is  made  up  of  the  energy  of  forward  motion  Ep  the 
energy  of  rotation  ,  the  energy  of  vibration  ,£y.,  and  the  energy  of 
electronic  excitation  .  Consider  one  mole  of  the  aubstanc'e,  which 
contains  A/  particles,  of  which  JVo,  A^i.  ■*  are  respectively  in  the 

energy  states  Et,  Et,  Ea  :  ,  .  ;  then  the  Boltzmann. distribution  imp¬ 

lies,  that 

(35.1) 

in  which  gf  is  the  statistical  weight  of  the  i-th  state  (the  number  of 
differing  quantum  states  having  the  energy  £< )  and  z  is  the  sum  over 
states;  . 

(35.2) 

The  summation  is  performed  for  all  possible  states  from  /m.O’  (the 
lowest  level)  to  7=oo;  this  z  is  an  important  parameter  that  appears 
In  all  later  calculations. 

This  sum  is  calculated  on  the  assumptions  a)  that  the  molecule 
behaves  as  a  rigid  rotor  (that  interaction  between  rotation  and  vib¬ 
ration  is  negligible);  b)  that  quantization  of  the  rotational  ene.vgy 
can  be  neglected,,  because  many  vibrational  states  are  already  excited 
at  room  temperature;  and  c)  that  the  vibrations  are  harmonic.  Then 
the  energy  may  be  represented  as  the  sum  of  the  energies  corresponding 
to  the  various  degrees  of  freedom,  while  the  statistical  sum  becomes  the 


product  of  the  correspor.dins  factors: 


E ~{~Ef  -p-^Y  ~-^Eg, 

7  -2^^  -^V  •4- 

The  degrees  of  freedom  for  the  forward  motion  are  three,  so 

while  for  diatomic  and  linear  polyatomic  molecules 


(345) 

(33,4) 

(33,3) 


Ef=kT  (33,6) 

^  . 

(  E^  c=  —  kT  for  nonlinear  molecules).. 

The  statistical  sum  for  an  atom  consists  of  two  factors  (one  for 
the  forward  motion,  one  for  the  electronic  energy).  Statistical  mech¬ 
anics  gives  us  for  the  forward  motion  that 

Zf  ^  (35,7) 

,_0 

in  which  mis  the  mass  of  the  particle,  whose  momentum  is  p,  h  is 
Planck's  constant,  and  V  is  the  volume  of  the  system.  Th':  sum  for  the 
electronic  states  is 


in  which  v„  is  frequency; 


'goB 


'AT 


+gie~'^ +g.^e 


“W. 


(35.8) 


(35,9) 


The  absolute  are  unknown;  all  that  can  be  measured  are  the  differ¬ 
ences  ^Ef  =a  Et  —  Eq  ,  which  are  found  direct  from  speotro-scopio  measure¬ 
ments.  For  the  purpose  of  calculating  :Z^  wo  take  Eq  as  0,  which  is 
equivalent  to  reckoning  the  energy  from  that  level;  then  is 
replaced  by 

^  *'  n-  *** 

rr  a  kT  —  rr.  -t—  a  AI?* -L^  rt*.  a  k^  _l_ 

(35,10) 


4  =  '^gf  e  =fi’o -f-  .  •  • 


Comparison  of  (35,9)  v;ith  (35,10)  shows  that 

(35,11); 

It  is  usual  to  find  that  even  A»i  is  very  large,  in 'which  case 


exp(  — ^  )  becorKeti  appreciable  only  at  very  hi^jh  temperatures;  then, 

the  second  and  subsequent  terir.s  in  (35i1Ci)  can  be  neglected,  so 


==S^o=-2./+l,  (35,12) 

in  which  J  is  the  internal  quantum  nu.mber  of  the  ground  state. 

We  consider  a  system  consisting  of  particles  of  one  kind  only,  so 
the  choice  of  zero  state  is  unimportant;  cg  does  not  appear  in  the 
calculations.  Several  types  of  particles  nay  be  present  in  a  chemical 
reaction,  and  each  has  its  own  e^, ,  in  which  case  the  energies  must  be 
referred  to  a  zero  common  to  all  particles.  Here  must  appear  in 
the  statistical  sum,  not  Zg.  7hen  the  total  sum  over  states  for  an 
atom  is 


z^  =2f  zge  -  =z,,>  -  .  {‘^5,^3) 

We  do  not  know  -Sp  for  the  various  molecules,  but  Asp  is 'readily 
found  for  reacting  molecules;  the  sum  of  these  differences  is  the  heat 
yield  of  the  reaction  at  absolute  zero  per  particle.  ?or  one  mole, 

A«pA^=A£‘o  =  -Co  '  (35.14) 


kT  — 


=  z\e 


k't 


so  (35,13)  becomes 


,  (35,15) 

Statistical  sum  for  a  diatcm.i.c  molecule.  Kero  (35.7)  gives  z,^t  'm 
being  the  mass  of  the  molecule;  the  internarl  degrees  of  freedom  intro¬ 


duce  their  ov/n  factors,  that  for  the  rotation  being 


Zi-  =- 


h^s 


(35,16) 


(  in  which  /  is  the  moment  01  inertia  about  an  axis  normal  to  the  line 
joining  the  nuclei  and  S  is  the  symmetry  number)  on  the  assumption  that 
many  rotational  states  are  excited  at  room  temperature.  The  number  of 
degrees  of  rotational  freedom  is  two  for  a  diatomic  or  linear  polyatomic 
molecule;  the  total  number  of  degrees  of  freedom  for  a  molecule  con¬ 
sisting  of  n  atoms  is  gn,  so  a  linear  molecule  has  3rt“S.  vibrational 


degrees  of  freedom,  while  a  nonlinear  one  has  3n  —  6  .  The  of  (3^i2) 
requires  the  quantum-aieohanioal  exprer  '.on  for  the  energy  of  a  harmonic 


oscillator 


(35,17) 

in  which  n  is  the  vibrational  quantum  number  (0  to  oo) ,  mis  the  proper 
frequency  of  the  oscillations,  and  /ito/?.  is  the  zero-point  energy.  This 
last  is  conmionly  included  in  the  total  zero-point  energy  eo  ,  which  is, 
in  effect,  a  change  in  the  level  from  which  the  energy  is  reckoned.  Then 

_  •  •  »„  =  nhiD.  ();>  ■  u) 

The  g  for  a  solid  is  one  for  solids,  diatomic  molecules,  and  most  poly¬ 


atomic  molecules,  so  (35 1 17^1)  gives  us  that 


Him 


The  1,,  is  as  for  an  atom,  so  the  over-all  statistical  sum  is 

Z~£f  Zf  Zf  ^ 


(35, 1S) 


(35,19) 


Thermodynamic  functions.  One  gram-molecule  of  gas  contains  W 


particles;  then  the  number  in  any  given  energy  state  is 

The  internal  energy  at  temperature  T  is 


(35,20) 


—  JifZ 


(35,22) 


h-n  SI®  .  fcTa  Si*  ^ 


•igiB 


Trom  (35,21)  and  (35,23)  we  have  that 


'~Sf~'  (35,24) 

in  which  z.  is  the  over-all  statistical  sura.  That  is,  once  ,a  is  known 


(35,23) 


we  can  use  (35)24)  to  find  the  total  internal  energy  as  a  function  of 
temperature,  and  hence  the  thermal  capacity.  Thermodynamics  gives  us 


that 


(55.25) 

(55.26) 


in  which  F  is  the  free  energy;  (55,24)  and  (35,26)  give  us  that 

’  (55,27) 

and  so  .  ’ 

F=  —  RT\nz.  .  (55,28) 

This  gives  us  a  thermodynamic  interpretation  of  the  statistical  sum. 

Ihuilihrium  constant.  The  composition  must  be  known  before  the 
energy,  density,  and  so  on  can  be  calculated.  The  composition  is  gov¬ 
erned  by  the  equilibrium  constants  for  dissociation  and  ionization;  the 
values  of  these  constants  for  very  high  temperatures  may  be  expressed  in 
terms  of  statistical  sums  to  a  very  high  order  of  accuracy.  Thermo¬ 
dynamics  gives  as  the  free  energy  as 

F==F’>  —  RT\nv.  (55,29) 

so  (35,28)  gives  us  that 

Fo  =  -RTln±.  (355,30) 

All  energies  must  be  reckoned  from  absolute  zero  when  .z  is  calculated 
(they  must  include  the  chemical  energy  the  substance  possesses  when  it 
is  cooled  to  absolute  zero.) .  This  means  that  z  and  F  do  not  have  fixed 
values;  we  can  assign  numerical  values  to  them  by  specifying  an  indivi¬ 
dual  zero  of  energy,  which  may  be  tedcen  as  the  energy  of  the  substance 
at  absolute  zero.  Then  (35,50)  gives  us  that 

Fo^-RTln^  +  Eo 

or 

Fo-£,=,-/^rin^.  (35,31) 

The  equilibrium  constants  are  now  readily  found  in  terms  of  statistical 


a  f 


suns,  for 


^F,:^-RT'\nK„ 

in  which  Kc  is  eq^ullibrium  constant  in  terms  of  the  concentrations 


of  the  reactants.  This  may  he  put  in  the  form 

A(/--”-£g)  4£« 


In  Ko  t 

The  (  P>‘-Eo  )  of  (35*31)  gives  us  tnat 

in/ir.  =  AIn4+^, 

in  which  A£o=>Qoe  is  the  heat  of  reaction  at  absolute  zero. 


(35.32) 

(35.33) 
Trans¬ 


ferring  from  concentrations  to  partial  pressures,  we  have 

in  which  n<  is  the  number  of  moles  of  a  given  species  in  the  equilibrium 
mixture,*  then 

l«/f,-Aln(-^^)+^,  (55, 3^) 

mf  OT 

That  is,  K  can  be  expressed  in  terms  of  ~  and  for  any 

species  in  the  reaction,  the  rule  being  the  same  as  for  the  expression 
in  terms  of  the  concentrations  or  partial  pressures  in  the  law  of  mass 
action.  In  the  general  case  of  a  reaction 

v.l,  +  +  . . .  v;m.  +  v;m,  +  . . . -I- Q. 


*1  ’2 

filT  fljf  «  «  •  V 

ln/r.  =  ln  - =  in 


'  *  /  ^  .A. 

Skr  ...  V 

_ 


nr 


or 


v/hich  gives  us  that 


"1  ^ 

I"* 

n  nr’...  . 

.  '•I 


(35.35) 

(35.36) 


K.^ 


(35,37) 


Eners.y.  There  is  no  special  difficulty  in  calculating  the  total 
energy  once  we  have  established  the  statistical  sums  and  the  numbers  of 


the  various  species.  Consider  1  laole  of  gas,  which  consists  of 

A^o  — 6.02x10^®-  particles  at  normal  temperature.  Let  N  be  the  number 
of  particles  for  the  equilibrium  .state  at  temperature  T,  v;here  in  general 

^=^»»4-A/b  +  ^^++A/«>  (35,38) 

in  which  A/„>is  the  nimber  of  undissooiated  molecules,  Na  is  the  number 

Of  atoms  produced  by  dissociation,  is  the  number  of  positive  ions  ' 

(from  atoms),  and  N,  is  the  number  of  free  electrons.  We  neglect  mole¬ 
cular  ions,  because  the  ionization  energy  of  a  molecule  is  much  higher 
than  the  dissociation  energyi  almost  all  the  molecules  are  dissociated 
at  temperatures  at  which  ionization  becomes  appreciable. 

3 

Equation  (35i3)  gives  ua  the  total. energy  aB_.the  s\x’ai_£T^nrRT 
Kj  /  'N  d\n^  l^a  rflri#  +  \  ^ 

The  dissociation  energy  is  calculated  on  the  assumption  that  the 
molecules  are  diatomic  and  of  one  kind;  the  composition  becomes  more 
troublesome  to  calculate  if  the  gas  consists  of  more  than  one  compound 
(as  for  air).  Again,  the  above  formulas  become  much  simpler  if  the  gas 
consists  of  atoms  and  ions  only. 

These  results  are  applied  to  shock  waves  by  means  of  the  equation 

£1  — £',  =  -j(p7^/’o)(««  — —■ ^)- 

The  equation  of  state  for  the  unperturbed  gas7  per  mole,  is 

PoVo  =  RTe/ 

while  that  for  the  gas  behind  the  front  is 

PiVi==mT„ 

in  which  k  is  Boltzmann's  constant.  The 
gives  us  that 

(35,42)- 

Here  .£o=»-^ /f7'o,j  if  the  unperturbed  gas  consists  of  diatomic  molecules 
at  normal  temperatures;  in  general,  the  gas  may  consist  of  any  particles 
a.nd  may  be  .heated  to  a  high  temperature,  in  which  case  the  initial 


il 

uo 


'  (35,40) 

(35,41) 

of  (35,40)  and  (35,41) 


energy  is 


Efj - '^RT'o,  : 


This  £o )  with  (35.42),  gives  us  that 


(54,43) 


(35,44) 


This  equation  may  be  used  to  compile  curves  of  as  a  function  of 
for  various  ;  the  point  where  the  curve  of  (35,44)  for  a  given 

~  meets  the  curve  of  (35,39)  defines  uniquely  the  temperature 
behind  the  front.  This  .fi  is  inserted  into  (35,41)  to  get  which 

enables  us  to  findu  ,. D  ,  and  c  for  the  wave. 

Some  results  on  the  composition  of  air  at  high  temperatures  are 
given  below}  Table  50  gives  results  for  shock  waves  in  air,  with  allow¬ 
ance  for  ionization  and  dissociation. 

Composition  of  air  at  high  temperatures.  The  mixture  consists  of 
molecules,  atoms,  and  ions  of  oxygen  and  nitrogen,  and  also  free  elect¬ 
rons}  compounds  such  as  NO,  NaO',  and  NOa  may  be  present.  I  shall  con¬ 
sider  only  NO,  because  this  has  the  largest  energy  of  dissociation. 

One  mole  of  air  at  room  temperature  consists  of  jVp  (  6,02x10**  ) 

molecules}  let  there  be  Nv  molecules  of  oxygen  and  of  nitrogen,  with 

Ni  '  21.2  -  . 

=a_  7gg  «=  0.269. 

Let  4  be  number  of  neutral  atoms  divided  by  No,  .4^  being  the  same 
for  positive  ions,  for  electrons,  and  ,U.  for  other  species.  Sub¬ 
script  .1  applies  to  oxygen,  subscript  2  to  nitrogen,  and  subscript  I  2 
to  nitric  oxide.  The  equations  for  the  equilibria  are 


1 .  Dissociation 


■«i  .  -"a 

,  .Ml  Ml' 


2.  Ionization 


AfO 


(35,45a) 


(35,45b) 


The  initial  number  of  molecules  is  known,  so 


(<^1  +  +  jWi  a), 

=“  ■'Wa  Y  (/4a  +  At  -}-  Mi  a),  0  =  At  +  /4a 

These  eight  eg.uations  define  the  eight  unknowns 
stants’  d 


(  )-jcp(--)^  )  are  readily  found;  we  put  2^,  as 

s  a#' 


05,45c) 
The  equilibrium  con- 


whereupon  the  £{  become 


*  V  /  /»o  \ 


AWj 


Tah^Na 


(35,46) 


+ 2  .  a.  +  f , 

+  2  i»»ef  to.  A.  +  Ca  —  . 

,  >  o040  I  6  —  ,  <r  I  * 

'  +tofa'to.4.+>«^to./«,  +  ^a--*»B(|^j, 

toiC4==— •*•?'» — >^Ta-‘>tZM,A.,Ar 

+ 

+  4ai^to./*.+fi~'»*(^). 


+  tof'Ta  —  iotz 


(35,47) 


(flWiA)'*  Po-V 
h>Na  ' 


=  2.20 


Hare 


(in, 


C»  =  lo| 


WtW, 

\~"  mi  +  ^1 

5»S^ 


)*v«A? 


-2.15  ■  c,  =a Cj==  to, 2i22^^ 0=3.75 


(35,46) 


It  is  assumed  for  cV  and  cg''  that  the  mass  of  the  ion  Is  the  same  as  that 
of  the  parent  atom,  nifi  )t  is  the  mass  of  an  electron,  Vq  is  the  volume 
of  1  gram-mole  at  NIP  (22.410  liters),  is  dissociation  potential, 

X,^'  is  ionization  potential,  and  z,^  is  the  :z-  for  the  internal  degrees 
of  freedom;  ‘"z^"^Zei.  for  atoms  ’orp,z„',af„  for  molecules. 

It  is  convenient  to  take  ■&'  as  the  independent  variable  in  order  to 
solve  (35,45);  then  the  last  equation  in^  (35,45c)  and  the  two  first  in 


JL  a 


(35* ^5a)  give  us  that 


•  We  eliminate  the  number  of  molecules  from  the  two  penultimate 
equations  to  get  that  ,  • 

Substitution  for  As  gives  us  /i ,  which  is 


It  is  generally  permissible  to  neglect  the  effect  of  the  NO  on  Ai}  then 


Fig.  60.  Composition  of  air 

for  I 

Fo  _!  '  ”(!■ 

ratio  of  the  number  of  part¬ 
icles  to  the  number  at  0“C  . 


Fig.  6l .  Composition  of  air 

for  -£-  —  20  . 

fa 


all  factors  containing  nay  be  omitted #  The  A\  for  high  temperatures 


(complete  dissociation)  is 


Ai  =  -rr , 


■0  +  4-^. 

~  2  e, 


This  gives  Ai  as  a  function  of  0,  whereupon  all  other  quantities,  and 

1 

hence  W  also,  can  bo  calculated  as  functions  of  9,  with  T"  .as  parameter. 
We  calculate  6  as  a  function  of  temperature  for  a  given  Ni  to  get  the 
numbers  of  all  other  species. 

Figures  60  and  .61  gives  results  from  these  rather  tedious  calcula" 

I 

tions  for  the  composition  of  air  for  of  1  and  20  for  the  tempera- 
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Fig  62.  Internal  energy  of  one 
gram-molecule  of  air  at  constant 
density. 
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Fig.  63.  Specific  thermal  cap¬ 
acity  of  nitrogen  at  'constant 


volume 


ture  range  2000  to  30  000°K.  We  see  that  N  increases  fairly  rapidly  and 


also  that  dissociation  and  ionization  are  appreciably  dependent  on  the 
density.  The  total  energy  per  mole  is 

£•»  =  I RT,  {M,  +  >1, 4-  /I, + 26) 

.  4- {•'^i  +  ^»  +  ■'Wii) 

4-^7'i^/Vfi^In2f„  ,4f,4”^H'^lhi'v 

:  4-^71  In«*.,a,4"'4j  ^In  Zg 

4-  At  !n  Zg  _ 4-  At  •^- 1!!  Zg  _  ^+y  ^  (35 . 49 ) 

4*A^o  (-  ■■'^-'  ■■■  X..  4-  — h,  x,^  ^  4-  /Ij'Xg,— AfijX,,).  ■ 

in  which  i.,.  and  apply  to  the  corresponding  elementary  reactions. 
Figure  62  gives  Burkhardt'a  results  for  air  for  various  ;  Pig.  63 
gives  the  thermal  capacity  derived  from  these  results,  since  as^,. 
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CHAPTER  VII 

THEORY  OF  DETONATION  WAVES 


T-l488g 


36.  GttzxerAl  Features  and  Basic  Relationships 


Explosion  processes  vary  widely  iij.  rata  and  type  in  accordance  with 
the  Initiation  conditions,  nature  of  the  explosive,  and  so  on.  All 
such  processes  may  be  divided  Into  two  essentially  distinct  groups, 
namely  those  of  burning  and  those  of  explosion  proper.  Burning  has  a 
rAte  dependent  an  external  factors  (oxpecially  the  proouure),  whcrfias 
the  rate  of  an  explosion  process  is  almost  Independent  of  such  factors. 
ThaoretiosJb  studies  show  that  a  strict  quantitative  distinction  can  be 
drawn;  the  rate  of  burning  is  always  less  than  the  speed  of  sound  in 
the  unreaeted  material,  whereas  the  rate  of  explosion  is  always  greater 
than  that  speed.  The  laws  of  thermal  conduction  are  decisive  in  burn¬ 
ing;  those  of  shock  waves,  in  explosions.  Burning  can  pass  over  sud- 
denly  to  explosion  under  certain  critical  conditions;  detonation,  the 
limiting  form  of  explosion,  occurs  u  .r  suitable  circumstances,  and 
here  the  rate  is  constant  at  the  maximum  rate  possible  for  the  given 
explosive.  That  is,  detonation  is  a  special  s.'  jtate  form  of. 
explosion;  the  detonation  rate  Is  a  very  Important  c:  ..racteristlc  of 
any  expl06.ive.  We  may  say  that  explosion  represents  a  transient  process 
which  either  goes  over  to  detonation  or  dies  away.  This  transient 
state  is  usually  found  around  the  site  of  Inir..'  r.n.  Explosion  in  the 
wide  sense  covers  the  detonation  (steady-state)  ..i  transient-state  forms 
which  have  no  essential  difference  in  mechanism  of  propagation. 


The  fullest  study  has  been  made  on  detonation  processes,  which  are 
exceptional!  ly  important  for  detonators  and  high  explosives  j  moat  of  the 
theoretical  work  relates  to  gas  mixtures,  which  form  the  simplest  explo¬ 
sion  systems.  This  work  has  given  rise  to  a  rigorous  mathematical 
treatment  of  detonation  waves t  the  mai:^  features  of  that  treatment  are 
applicable  also  to  liquid  and  solid  explosives.  Detonation  in  gases 
was  discovered  in  1881  independently  by  b£STH£LOT  and  by  L£  CHAT£LI£B  in 
the  course  of  work  on  the  propagation  of  flames  in  tubes.  It  was  very 
soon  discovered  that  the  rate  of  propagation  of  a  detonation  wave  under 
fixed  conditions  soon  becomes  constant  |  values  of  ^^O'itOOO  m/sec  were 
recorded  for  certain  gas  mixtures,  which  speeds  are.  very  much  in  excess 
of  the  speed  of  sound  in  those  mixtures  at  ordinary  temperatures  and 
pressures, 

The  hydrodynamic  ihsory  of  dstonatien  mads  a  major  contribution  to 
cur  understanding  of  detonation  prooessesi  it  gave  a  satisfactory  means 
of  calculating  all  the  parameters  (speed,  pressurt,  etc.)  of  a  detonation 

•  '  I 

wave.  One  of  the  founders  of  this  theory  was  the  Russian  physicist 
MIKHEL'SON,  who  put  forward  the  basic  concepts  in  1889{  other  major 
advances  were  made  by  CHAPMAN  (1899),  JODQ£T  (190^),  and  KRDSSAR  (190?) •" 
Beoent  leading  Russian  workers  in  this  field,  who  have  applied  the  theory 
to  condensed  explosives  espeolally,  are  LANDAU,  ZSL'DOVICE,  ORIB, 
STANYUKOVICB,  and  NSmAN.  The  cause  of  detonation  is  that  a  shook  wave 
propagates  through  the  substance;  if  the  amplitude  of  the  wave  is  suf¬ 
ficient,  there  arises  behind  the  front  a  very  violent  chemical  reaction, 
which  serves  to  maintain  the  wave  parameters  at  a  steady  level.  The  rat 
of  detonation  can  then  be  calculated  as  the  rate  of  propagation  of  a 
shock  wave. 

/ 

The  motion  of  an  ordinary  shook  wave  is  composed  of  the  propagation 


of  a  pressure  step  and  of  the  displacement  of  the  mediu-  A  detonation 


wave  Is  more  complicated  In  structure,  because  the  motiun  of  the  shock 
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Fig.  64.  Derivation  of 
the  basic  relationships 
for  a  detonation  wave. 


wave  is  associated  uith  motions  of  the 
reaction  zone  and  of  the  ultimate  pro¬ 
ducts.  The  steady  state  ma;y  be  con¬ 
sidered  merely  in  terms  of  the  initial 
state  and  of  the  final  products;  the 
reaction  zone  need  not  be  considered. 
This  zone  remains  fixed  in  a  coordinate 
system  that  moves  in  the  sense  opposed 


to  the  motion  of  the  wave  (Fig.  64)*  Symbols  to  be  used  are  D,  the 
detonation  rate,  which  equals  the  speed  at  which  the  reaction  zone  moves; 
Ji'f  the  speed  of  the  products,  behind  the  front;  ;p,  •  t  and  T'.i, ,  para¬ 
meters  for  the  state  behind  the  reaction  sons;  pj, ,  po  t  and  Ti,  the  same 
for  the  region  in  front;  Ei,  the  specif io  energy  in  the  rear  zone;  £o  * 
the  speolflo  energy  of  the  initial  mst'erial;  andW,  the  speolflo- energy 
release  in  the  reaction. 

The  baslo  equations  for  shook  waves  apply  also  to  detonation  ones; 

we  have  that 

(:56,1) 

1  D=VoV' 

1,.  .  “K  .(3g^2) 

constant  here,  so 
the  latter  equation  gives  a 
straight  line  in  the  variables 
P;and  'U  { 

'  (36,3) 

The  origin  A  may  be  taken  at 

(pp.  Vo)  .1  which  lies  on  this 


Fig.  65*  HUQONIOT  curve  for  a 


detonation  wave 


line}  the  line  is  known  ae  the  MIKHEL'SON  line.  HUGONIOI'e  equation 

becomes  ■  _ 

£•,  — £o  =  -2‘(A+/>o)(‘»o”-t'i)4-Q„,  (36,4) 

in  which  the  first  terra  on  the  right  is  the  change  in  internal  energy 

resulting  from  the  compression.  Figure  65  shows  the  Hugoniot  curve  for 
a  detonation  wave}  it  lies  above  the  corresponding  curve  for  a  shock 
wave  on  account  of  the  energy  acquired  from  the  reaction. 

The  only  significant  part  of  the  curve  is  Cfl,  because  here  .D>0' 
and  'u>0.|,  as  (36,1)  and  (36,2)  show;  part />£  has  i?>0  ahd'«<0, 
and  it  corresponds  to  burning,  whose  characteristic  feature  is  that  the 
products  move  in  a  sense  opposed  to  that  of  the  burning  zone.  "t  ,BD, 
does  not  correspond  to  any  real  steady  process,  because  here  (pi  —  pii)^0 
and  yjufl  which  imply  imaginary  values  for  D  apd  u. 

From  A  we  draw  a  lino  at  an  angle  ,a„  which  meets  the  HUGONIOT 
detonation  curve  at  two  points}  here  we  have  the  condition 


which  implies  that  a  given  D  can  correspond  to  two  distinct  states  of 
the  decomposed  material  at  the  front,  which  i^  physically  absurd. 
CHAPMAN  and  JOUQHT  have  demonstrated  in  different  ways  that  any  detons'* 
tion  corresponds  to  the  unique  state  of  the  products  specified  by  the 
point  M (tbs  point  at  which  the  MIKHEL'SON  line  touches  the  HUGONIOT 
adiabatic).  Here  tan  a,  and  hence  D,,  are  minimal;  .  The 

•  e 

fallowing  is  a  proof  that  the  state  corresponding  to  M  is  one  in  which 
I'OiiB  equal  to  the  speed  of  propagation  for  a  perturbation  in  the  pro¬ 
ducts  (relative  to  a  fixed  observer),  i.e.  that 

as  a  ■ 

and  that  dS  — 0,’  (i.e.,  constant)  on  the  HUGONIOT  curve.  Now 

30/ 


(36,5) 


(j6,5)  implies  that 
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af-Laaftsss  h  t 
"o-"!  X-  «1 


P\~-Po 

'  — «•**!*“*»  , 

(36,6) 

The  proof  that  '.D  ==«-+-«  at  Al.ia  given  from  the  first  law  of  thermo¬ 


dynamics  t 


■T  dS  =■  dE  -|-  /)  rf®. 


The  two  sides  are  divided  by  to  make  all  quantities  dimensionless. 


and  ^  =  (1.  ;  then 

-^dS=d*+^dv.. 

PcV) 


/'U'W  - 

Further,  (36,4)  in  the  same  dimensionless  terms  Is 

=  — 1*)  +  -^. 

and  so  . . . 

dis=»-y  ((1  — 1)+(*  +  l)rf(l  — l^)!* 

We  substitute  for  dt  In  the  transformed  thermodynamic  law,  in  eonjunc* 
tion  with  the  substitutions  ■  (1  — ji)  1  and  rf(it  +  l.)^fi(('1t— ’I)  , 

to  get  that 

P»v»  ^ 

The  two  sides  are  divided  by  (I — n)*  to  gat  that 


,  2  L  1-1*  (1-1*)* 


Ageiin,  (36,6)  in  terms  of  ff  and  fi  is 


in  which 


But 


n —  ) 

1-1*  ’ 


■  Po 


(36,7) 

(36,6a) 


SO  comparison  with  (36,7)  gives  us  that 


dw,.  ' 


Further, 


.  P<>'>» 


dija^i « ==  (1  -f^'  «i)  E«i, 


3&V 
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PtiVo  *  ■■ 


(36,7a) 

Now  S’«^'  oonatant  for  a  steady-state  detonation,  so 

iL-jai|li=Ji*,  =  o:^.  (56,8) 

This  is  possible  only  if  da>.“P.  ,  because  the  factor  before  the  differ-  • 
ential  is  always  positive;  but'  at  the  point  where  'av,  has  its 

minimum,  which  is  the  point  where  the  MIKHKL'SON  line  touches  the 
EU60NI0T  adiabatic.  Clearly,  '>■  does  not  have  a  maximum  at  any  point 
on  the  branch  corresponding  to  detonation. 

Point  Afils  also  the  point  at  which  the  Hugonio.t  adiabatic  touches 
the  ordinary  adiabatic,  which  is  the  line  of  constant  entropy  (i[d5aO),,'; 
'AB,-i.a  a  common  tangent  to  both  adiabatics,  so 

~t*n'a  =  f— -  ^ , 

which  is  a  direct  consequence  of  our  assumption  that 

Another  important  feature  is  as  follows.  Expression  (36,7a)  shows 
that,'<^5^0^  for  points  on  the  HUQONIOT  curve  on  both  sides  of  M,’; because 
and  the  associated  factor  is  always  positive.  This  means  that 
the  entropy  Increases  at  the  detonation  front  for  any  state  in  the  pro¬ 
ducts  corresponding  to  a  point  other  than  M, 

ZEL'POVICH  has  given  a  more  rigorous  physical  demonstration  that 'A4; 
must  correspond  to  a  steady-state  detonation  and  that  any  other  state 
for  the  products  gives  rise  to  an  unstable  process;  his  demonstration 
la  based  on  a  study  of  the  conditions  for  the  reaction  at  the  front. 

37.  Effects  of  Reaction  Kinetics  on  the  Formation 
and  Behavior  of  a  Detonation  Wave 
The  reactions  in  a  detonation  wave  are  not  instantaneous;  the 
reaction  time  is  governed  by  .the  mean  number  of  collisions  needed  to 
perform  one  act  of  reaction.  Since  y!S>'1000"  ,  the  width  of  the  front 


3^^ 


in  a  detonation  wdve  ia  vary  much  greater  than  that  in  a  ehock  wave; 
the  gradients  are  much  smaller,  so  effects  from  viscosity  and  thermal 
conduction  are  negligible.  The  role  of  heat  conduction  in  transmitting 
the  detonation  is  small,  because  the  temperature  gradients  are  low.  >  The 
material  is  compressed  so  rapidly  that  its  composition  does  not  have 
time  to  change;  the  compression  initiates  the  reaction,  which  produces 
heat;  this  results  in  subsequent  expansion  of  the  hot  products.  The 
pressure  at  the  front  is  affected,  by  this. 

The  speed  of  the  detonation  wave  is  not  dependent  on  Q.  being  given 
by  {36,2) i  which  is  a  consequence  of  the  equations  for  the  conservation 
of  matter- and  momentum.  The  viscous  forces  are  negligible  for  the  tran¬ 
sition  zone  of  a  detonation  wavs  (but  not  of  a  shock  wave),  so  (3^«2)  is 
directly  applicable  to  any  state  in  which  only  part  of  the  total  Q  has 
been  released  (or  none  at  all,  l.e.  to  the  Initial  state).  The  process 
cannot  be  steady  unless  the  parts  of  the  reaction  zona  move  at  the  same 
speed;  any  other  situation  would  cause  the  detonation  wave  to  become 


a  steady  detonation 


wave . 


deformed.as  it-  moves,  so  the  process 
would  not  be  steady.  The  condition  :Z). » 
constant  can  occur  only  if  all  the  para¬ 
meters  of. the  state  vary  in  accordance 
with  the  MIKHEL'SON  line  ’ 

+  — ■»)•  ■ 

i  *'  * 

Figure  66  illustrates  the  formation  of 
such  a  wave.  The  explosive  is  com¬ 
pressed  by  a  shook  wave,  whose  speed  is 
Z);,  to  the  state  'Cjin  which  the  reaction 


starts;  the  material  is  gradually  converted  to  final  products,  and  the 
transition  from  state  C'to  the  final  state. iW 'proceeds  along  the  line  4C 


(the  expansion  consequent  upon  the  heating  keeps  the  speed  constant). 

The  speed  is  constant,  but  p  and  n  are  variable;  state  lies  on  the 
HUQONIOT  adiabatic  for  the  products,  being  the  special  point  at  which 
d5==0''and  Qq—^u+c,  '(the  point  for  the  steady  state).  Figure -67 

illustrates  the  behavior  of  the  pressure 
and  density  behind  the  front ;  here 
point JM  corresponds  to  point  W  lOn  the 
HUaONIOT  curve. 

Consider  now  a  detonation  initiated 
by  a  shook  wave  having  a  speed  Di'^D' 

and  which  compresses  the  material  to 

\ 

state  Cl.,;  the  above  argument  shows 
that  the  reaction  must  then  take  the 
course  corresponding  to  the  llna.y4Ci  i 
and  the  final  state  corresponds  to 
point  -fl, of  Fig,  66.  This  detonation 
wave  cannot  be  stable,  for  a  wave  of  rarefaction  occurs  in  the  products, 
and  the  head  of  this  wave  moves  with  the  speed  of  sound  for  the  products, 
namely  w  +  c'.  This  wave  will  not  arise,  and  the  products  will  not 
expand,  only  if  we  bring  up  behind  the  detonation  wave  a  piston  moving 
with  a  speed  .u  (the  speed  of  the  products  behind  the  front),  which  is 
impossible . 

We  have  seen  above  that  iS  increases  to  both  sides  of  point'  on  the 
HUGONIOT  curve.  Now  I  shall  show  that  for  the  upper  part  of 

the  curve  (for  v^'O/  and  p-)>p,''),  the  converse  being  true  for  the  lower 
part  (for  and  .p^p/').  All  parameters  corresponding  to  point  M. 

are  here  denoted  by  subscript  I  . 


Fig.  67.  Distribution  of 

« 

a)  pressure  and  b)  density 
in  a  detonation  wave. 


The  flrat  inequality  la  put  as 


which  implies  that 


_ dp  ^  P  —  Pe 

dv  Pd—v 


(37,1) 


We- put  HUQOKIOT'a  equation  In  the  form 

E-Eo^^^(Vd~v)  +  Q 
which  gives  the  Increment 

^l^~^lVd  —  v)dp  —  {p  +  Pd)dv 

in  which 

dE<B>TdS-~pdv, 

so  simple  manipulations  give  us  that 

dp  J^p,~Pd  'if  eta 
«r  “  Vd  —  V  ””  Vd  —  v  ~3v  ’ 

Now  <iS>0  j^and  i'£?t;<0  ,  so  t  then 


(37,2) 


(37,3) 


2T  dS 


>0, 


^  *  0  • 


t/4 V  dv 

dv  vt  —  v 

which  demonstrates  that  ;•«-)>  c 

Again,  for  the  lower  branch 

w>°' 


so 


Now  I  turn  to  the.  stability  or  otherwise  of  the  state  represented 
by  9,;  here  u-i-^e^'D  ,  so  the  head  of  the  rarefaction  wave  catches  up 
with  the  detonation  wave;  the  pressure  at  the  front  falls.  The  state 

e 

at  the  front  can  be  altered  only  by  moving  along  the  HUGONIOT  curve  for 
the  products,  because  the  reaction  is  already  completed;  the  motion 
along  this  curve  will  continue  until  the  pressure  falls  to  p^'  (that  for 
point  Ai),  at  which  point  «  4^c.«=  il/; ,  which  corresponds  to  stability. 

An  initial  state  with  Di  >Z?/  (point  B)  •  can  arise  when  an  explosive 
is  ignited  by  a  detonator  having  a  higher  A?  the  normal  speed  D/  is 

2>o  ^ 


attained  only  at  a  certain  distance  from  the  detonator,  and  so  there  is 
an  initial  transient  zone.  The  above  discussion  is  strictly  correct 
only  if  the  detonator  and  charge  are  identical  in  density  and  compressi¬ 
bility,  because  the  spaed  of  a  shook  wave  changes  discoiitinuously  at 
the  interface  between  two  media  that  differ  in  either  of  these  parameters 
(see  chapter  IX).  The  line  of  equal  speeds,  AC,,  meets  the  HUQONIOT 
adiabatic  at  a  point  C  on  the  lower  branch,  but  this  point  is  inaccessible 
for  physical  reasons.  The  parameters  of  a  wave  of  speed  Dj; could  corres¬ 
pond  to  L  only  if  the  material  were  first  compressed  to  state  C,  bv  a 
shock  wave;  then  the  state  of  the  products  immediately  after  the 
reaction  would  correspond  to  B',  but  the  further  transition  to  along 
./C,  ,1s  not  possible,  because  this  would  require  energy  in  excess  of  Q 
(ZKL'SOVICH  first  directed  attention  to  this  point.)  Further,  should  L' 
be  reached  for  a  given  by  any  means,  the  detonation  wave  would  then  be 
unstable,  bsoause  .u-|TC<f  at  thia  point.  This  moans  that  an  elastic 
wave  in  the  products  will  always  lag  behind  the  detonation  wave,  which 
makes  it  impossible  for  energy  released  behind  the  front  to  be  trans¬ 
mitted  to  the  front;  the  detonation  wave  then  soon  becomes  an  ordinary 
shock  wave  in  an  inert  medium  (one  that  dies  away) . 

The  mechaxuLsms  of  the  reactions  Initiated  by  the  compression  are 
such  as  to  indicate  that  a  stable  state  of  detonation  can  exist  only  for 
the  single  state  of  the  products  that  corresponds  to  point  /W,  Thermo¬ 
dynamic  arguments  lead  to  the  same  conclusion;  s  zuust  increase  as  heat 
is  released  in  the  reaction  and  becomes  maximal  on  the  KIKHEL'/SON  line 
at  point  M\  which  defines  the  parameters  at.  the  front  for  the-  instant 
when  the  reaction  has  gone  to  completion. 

This  statement  is  demonstrated  as  follows.  The  thermodynamic 


relation 


T  dS=dE-\-pdv 

may  be  modified  by  iueerting  the  di:  found  from  (36,4): 

2TdS=iv^~v)dp-\-{p~po)clv.'  (57,4) 

The  expression  for  the  MIKHEL'SOK  line  gives  us  that 

a 

(®o  — ■»)  =  -^t(/’  — /'o).  ^ 

and  60 

+  07,5) 

Now  ,^  =  0  at  the  point  of  maximum  S  on  that  line,  so 

(  vl  rfv  \ 

whence  ^  o,  p  _p^  dp  ' 

ej  we-v,  dB  ' 


which  corresponds  to  the  point  M  at  which  /4C  touches  the  Hugoniot  adia¬ 
batic;  this  demonstrates  the  above  statement,  because 

dp  ^  '  .  * 

dtp  __  —  ^0  I 

when  ' 


_ P-Po 

dv  Vd—v  (&„  —  ti)9  ^ 


P=Pf 


38.  Calculation  of  Detonation-Wave  Parameters  for  Gas 

Mixtures 


A  detonation  is  described  by  Pj.’pi>’ i  1  and  Dj , 

which  are 

given  by 

f -  £0  =  (^0 -■ Wi) +■  Q.. 

(38,1) 

s-' 

I  1 

II 

Q 

(38,2) 

(38,3) 

Pj  —Pt> 

V  —  V,  \  dv /g  Vj  ’ 

(38,4) 

3^^ 


p=f(S,  T).  (^8,5) 

The  last  is  the  equation  of  state,  whose  form  is  dependent  on  the  nature 
of .the  explosive  material  (gas,  solid,  or  liquid).  Wo  may  use  po* = 
constant  for  gas  mixtures,  whereupon  KUGOKIOT'a  equation  becomes 

(38,6) 


k—\ 


Po‘^0  P,  +  Po  /  v  ,  ^ 

j— j— n-j, (X'o  — f,)-)-Qw 


in  which  'ka'  (for  the  initial  mixture)  usually  differs  somewhat  from  h 
(for  the  products).  We  eliii.'.inate  p^  '’.nd  and  put  ka^k  ,  to  get  a 
relation  for  0  (38,4)  gives  ua  that 


-i 
~  fa 


Pa 


(38,7) 


*  i»P,. ' 

This,  with  (38,2),  gives  us  that 

D\=‘v[{k-^\)p,  —  p^\.  (38,8) 

We  eliminate '  n,_  from  the  energy  equation  to  get  that 

■'  '[fi  4-  (M  -  1 )‘  4rl  -  2  (*’  - 1)  Djc,r,  -  2  (A*  -  Q,  =.  0, 

and  so  . 

+  (38,9) 

in  which  po  is  the  speed  of  sound  in  the  initial  mixture;  if  is 
known,  py.  and  v,,j  are  then  readily  found,  for 

„  ‘o']  \ 

The  equation  of  state  for  ideal  gases  gives  us  that 

'  R  fc(k  +  l)RDy  (i8,1l) 

These  expressions  show  that  all  the  parameters  of  interest  are  dependent 
on  Ti'  (but  not  explicitly),  because  'ft’ig  dependent  on  the  temperature  at 
the  detonation  front.  This 'feature  makes  the  final  solutions  rather 


3^r 


cumbrous . 


However,  the  expressions  (and  the  caD.culations)  beco  :  much  simpler 

if  we  calculate  A  on  the  basis  of  the  reaction  te  i'perature  and  neglect 

Po  relative  to  .  Results  for  typical  caaca  sliov;  uhat  neglect  of  po 

has  very  little  effect  on  the  result  if  p,  exceeds  10  at;n,  v/hich  is 

always  so  for  detonations  in  .the  usual  gas  mixtures;  then  (j58,7)  becomes 

.Pi  *+'  ,  „  , 

(38,12) 

and  the  energy  equation  gives  us  that 

;>,  =  2(A  — l)pjQ„.  (38,13) 

which,  inserted  In  (38,2)  v/ith  pb-  neglected,  gives  us  that 

(38.14) 

The  equation  of  state  gives  us  that 

V  T 

‘  ~  '“  —  evC*-!)' 

We  substitute  for  p,  and  from  (38,13)  and  (38,12)  to  get  that 

(38.15) 

We  use  (38,10)  and  (38,14)  by  neglecting  co  as  being  small  relative 
to  D/.,  which  gives  us  that 

,  /■  2(jS  —  1) 

““V  *  +  l  (58,16) 


The'Q,  appearing  here  must  be  referred  to  unit  mass  of  the  products;  ,jD 

2 

and  4, ‘are  usually  expressed  in  m/sec  and  p^  in  kg/cm  ,  so  must  be 

2  2 

expressed  in  mechanical  units.  Then  Q,  =  427gQ  m  /sec  (in  which  g  is 
the  acceleration  due  to  gravity  and  Q  is  the  heat  of  reaction  in 
kcAl/kg) .  But 

and  (38,15)  gives  us  Tj  t  bo  (38,14)  may  be  put  as 

(38,17) 

or,  since 

rt-/?=5=^K0.8-J8x9.81 . 

(in  which  M'±s  the  mean  molecular  weight  of  the  products) ,  we  have 


that 


O  ~  AjiI  •'  /  'r 

■  >  — it  /  ^r~ '  ‘  • 

Then  (j>a,'17)  sho  /j  -..h  . t  D  cy.csitCz  spfod 

pressed  products  by  a  iao.;or  d-., 


o  0  'x 


(38, '6) 
he  CO.;.- 

nuabor  of 


molecules  per  unit  mass  of  the  products,  other  things  being  equal.  The 
factor  cannot  exceed  two  for  gas  mixtures. 

(31,15)  and  (38,10)  enable  us  to  calculate  the  ratio  of  pressures 
for  shock  and  detonation  waves  having  the  same  speed  D;  for  the  shock 
wave 


and  for  the  detonation  one 


so 


P 


Further,  (31,16)  and  (58,10)  give  us  that  v*  ='lv ^  —  vr,. 

These  results  again  show  that  the  products  expand,  which  is  the 
reason  for  the  fall  In  pressure  behind  the  reaction  zona  to  about  half 
the  pressure  produced  in  the  initial  mixture  by  the  shock  wave.  Table 
31  gives  JOUGET's  calculated  results  for  detonation  fronts  in  certain 

Table  5I 

Parameters  of  Detonation  Waves  in  Gas  Mixtures 


Hixturt 

7,  ‘K 

JX 

LL' 

o/flOC 

uCllC., 

'  siiaa . 

2Hj-f-Oi  . 

39(H) 

1.33 

17,5 

21)30 

2319 

CH.  -1-  ^0, 

■lOSO 

1.90 

27.'!  ■ 

2220 

2257 

2C.!-i. -h  5O3  . 

5570 

1.8^ 

S'!.5 

3000 

2961 

(SH,  +  0,)  50j 

aHX) 

1.7'J 

11.4 

1690 

1700 

gas  mixtures;  JOUGET  used  here  some  not  very  precise  results  for  the 


3// 


thermal  oapaeitiea  as  functions  f,  but  the  calculated  D..  are  in  very 
good  aLfreeKent  with  the  rjeasu^oi.  ones.  LS.'JIS  and  FRIAUI  have  performed 
similar  calculations  for  explosion  mixture  containing  various  otl'ic.r  gases 
tney  Made  allowance  for  the  disoociation  occurring  at  T ^  •  '?ahle  ^2 
gives  their  results,  v/bich  show  that  vhe  added'  gas  affects  D,  substant- 
ially;  nitrogen  and  oxygen  reduce  D,  whereas  hydrogen  increcses  it 

Table  52 

Detonation  Speeds  for  Explosion  Mixture  Containing  Other  Gases 


! 

.<ixtur»  1  LL 

!  "• 

/>>  1 

1 

■ oalfi. 

a:.'a4 , 

1  hH..  -f-  O5  1  IS.O 

'2H,-|-0,)-j-0,  1  17.4 

-h  0.^ -i- 4H,  1  i».i< 

(I'.-.'a -u  O.) -r  N',  i  17.4 

+  1.5  Ar  i  17.0 

! 

33i)0 

3;i:i7 

f'tXii 

S027 

A  ^ 

2,17 

2019 

231-1 

3027 

aiiir 

2055 

1050 

- i 

greatly,  although  it  reduces  ,  Those  observations  ara  in  agreeaent 
..^Jn  the  theory,  which  shows  that' >5  is  dependent  on  the  mean  Molecular 
weight  as  well  as  on  7^  .  Y.^tro^eir.  and  lieliuD'i  fall  below  E^O  in  Mole¬ 
cular  weight,  so  they  increase  £)  to  a  certain  extent. 

An  example  of  this  effect  is  found  for  stoichiometric  methane-oxygen 
mixtures : 


CH,  -+-20a  +•  dj\j  =  COj  +  2HaO  H-  b;\’j  191.6  koal 

Here  J  =  2200°K  =  ,  in  which  is  given  by  figures  listed  in 

chapter  III  as 


c„  =  66.88  cal 

2  dp  =.  86.88  -1-11/?  =  S6.88  -J-  11  x  1.9S6  =i06.74  cal 


Then 


1.25. 


and  (58,15)  gives  T-j  as 

Ti 


2k  rr 

A-hl  *■ 


=  2440*  K.  ^ 


Also 


44  -|-  2  X  IS  “f"  8  x  2S  27  6 

eo  (58,18)  gives  us  that 

D  ^ l/'AlJlcTr  =  m ]/* ^5^x2440=1720  »Aoo  , 
pa=  1,17«  10“’  p  ,f=2.l0  xlO"’ a^oB^, 

tt  =  |/‘IEr^„  =  764  y^ee 

j?,.  —  Pa  =  Pa  =  1 5-7  lca/cffl2 , 

39 •  Effect  of  the  Density  on  the  Detonation  Sate 
The  above  calculations-  are  based  on  the  equation  of  state  for  an 
ideal  gaa;  this  describes  correctly  the  behavior  of  a  gas  aiixtare  in  its 
initial  state  at  atmospheric  pressure,  because  the  density  is  doubled  (at 
most)  in  the  detonation  wave,  while  the  pressure  at  the  front  does  not 
greatly  exceed  10  atm.  . In  this  case,  though,  the  initial  density  has  no 
effect  on  JJ,  u,  and  T^;  experiment  shows  that  this  is  so  for  gas  mix¬ 
tures  whose  initial  pressures  are  relatively  low.  For-  example,  D  for 
explosion  mixture  inorsases  only  from  2821  to  2872  m/seo  when  the  initial 
pressure  is  raised  from  780  to  15OO  mm  Hg.  However,  CLAPEYBON's 
equation  is  not  applicable  to  gases  of  high  initial  pressure;  the  initial 
density  starts  to  affect,^  substantially.  For  example,  LE  CHATELIER's 
results  show  that  D  increases  from  1000  to  16OO  m/sec  for  acetylene  mix¬ 
tures  when  the  initial  pressure  is  raised  from  5  atm  to  50  atm. 

If  we  use  ABEL'S  equation  of  state, 

kT 

P  (i' “aT  ’  (39,1) 

in  which  a  Is  the  covolume,  on  the  assumptions  that  M-Ib  independent  of 

p  and  that  a  =■  constant  (as  for  ideal  gases),  then  Thermo- 

dyn^^mics  gives  us  that 

cll:'^:c.cir  +  {§)^dv, 


3/^ 


but 


80 


(39.2) 

(39.3) 


Now  «0,  for  an  ideal  gaa,  so 

'  dE  =  c,dT,  r(-lf')^f^p.  (39,4) 

’ _ •••- 

It  is  readily  seen  that  ABEL 'a  equation  gives  the  same  result,  for  its 
derivative  gives  us  that 

'  I  Sp\  _  R 

“  AKo  — «) 

so 


P 

7‘ 


{^) 


.0. 


This  means  that  Hugoniot's  equation  here  takes  the  form  applicable  to  an 
ideal  gas :  . 

Then  (38,12)  beaomes 


Vo-g-«  ■_  *  +  1. 


and 


(39.5) 

(39.6) 


in  Which  Pa'  is  the  mass  (kg)  per  liter;  (38,15)  &nd  (38,16)  remain 
unohangea. 

This  shows  that  ABEL's  equation,  if  used  with  a  »  constant,  implies 

that  D/ increases  with, 'a;  although  T.  and  U;  remain  unchanged.  This 

effect  of  the  density  is  actually  observed,  as  Fig.  68  shows  for  explo¬ 
it  M/»ea 


slty  for  explosion  mixture.. 


Sion  mixture  for  a  =  0.75  cm^/g; 
the  experimental  points  fit  the 
curve  well,  and  C  increases  from 
3000  to  4W0  m/sec  when  po'' 
increases  from  0.1  to  0.5  g/om^. 

TAFFAKELLE  and  D'AUTEICHE, 
followed  by  SCHMIDT,  have  attempted 


3ii 


to  apply  the  above  equations  to  condensed  explosives;  the  principal  diff¬ 
iculty  here  is  that  a  is  not  known  for  the  products  at  the  very  higi 
pressures  produced  by  such  explosives.  They  attempted  to  obviate  this 
difficulty  fay  deduolng  a  from  the  measured  C  by  means  of  (39i5)  and  (39|6); 
theory  gives  us  for  an  ideal  .a.  that  ^ ‘ 

SO  for  a  practical  explosive 


1 


(39,7) 


which  gives  us  a  if  Df'- is  known  and7>,^  is  calculated.  In  this  way 
SCBMICT  found  a  for  various  explosives;  in  particular i  a  for  TUN 
decreases  from  0.79  to  0.44  liters  per  kg  when  increases  from  0.5  to 
1.6  kg/Llter.  Similar  results  were  obtained  for  trotyl,  plcrio  acid, 
and  tetryl.  Table  33  gives  detonation-wave  parameters  SCHMIDT  calcu¬ 
lated  in  this  way.  .  • 


Table  33 


Parameters  of  Detonation  Waves  in  Trotyl  (SCHMIDT) 


ksA 

«*<.'  kt/L 

Of,  a/tto, 

■.  kg/i 

0^>  ate 

. 

Tj.  ‘K 

1.0 

I-.33 

4700 

DAS 

41  600 

32.50 

1.2S 

IA3 

£900 

0A2 

67600 

3530  ■ 

I.-ld  • 

1.70 

6£00  . 

0.48 

84000 

3550 

1.59 

I.S3 

6900 

0,48 

96500 

3630 

The  results  are  essentially  in  conflict  with  the  assumptions  made  in 
deriving  them;  the  formulas  are  applicable  only  if  a  is  constant.  A 
condensed  explosive  has  (39,5)  and  (39,6)  are  not  appli¬ 

cable  . 

The  above  method  also  gives  the  incorrect  result  that  u  is  indepen¬ 
dent  of  and  0,  which  is,  physically  speaking,  absurd.  All  the  same, 
the  D/ calculated  in  this  way  are  often  In  agreement  with  experiment;  this 
is  net  really  surprising,  because  the  «  are  ‘found  from  the  measured  for 


3/^ 


explosivae  of  similar  compositions. 

40.  Theory  of  Detonation  for  Condensed  Explosives 
LANDAU  and  STANYUKOVICH  have  shown  that  the  main  features  of  the  ■ 
hydrodynamic  theory  apply  to  condensed  explosives;  they  have  deduced 
the  parameters  of  the  detonation  front  from  the  equation  of  state  for  the 
highly  compressed  products.  The  argument  is  as  follows.  The  initial 
density  is  higher  (greater  than  that  of  water),  so  the  pressure  at/the 
front  hecomes  very  high  (often  in  excess  of  10*^  atm) ,  and  the  density  of 
the  compressed  products  is  substantially  in  excess  of  the  initial  density. 
These  features  indicate  that  the  ideal-gas  equation  and  VAN  DEH  M'AALS's 
equation  are  not  applicable,  because  they  both  neglect  the  forces  of  , 
repulsion  between  particles,  which  forces  are  very  important. 

LANDAU  and  STANTUKOVICH's  general  deductions  are  as  follows  (detailed 
results  are  not  given}*  A  suitable  general  equation  of  state  is 

=  ®  (»)+/(*')  7**  (40,1) 

The  foroes  of  repulsion  and  attraotion  between  molecules  are  represented 

rsspeotively  as 


The  theory  Of  solids  indicates  that  in  >;n  and  that  so  il>(e)'W0 

when  the  distances  .r  between  mole¬ 
cules  are  large;  the  attraotion 
is  Initially  dominant  as  v 
decreases,  so  ®(o)->-0.  The 
repulsion  exactly  balanpes  the 
attraction  at  a  critical  distance 
Irj,'.  I  then  0  and  the  system 

is  in  equilibrium.  Nepulsion  pre¬ 
dominates  if  r^rn  ,  and  <P(o)>p  . 
Eigure  69  indicates  the  relation 


action  energy  to  separation 
for  molecules. 


3/^ 


betweeij  ’>  and  the  interaction  energy  U  for  two  molaoulee;  this  and  (40,2) 


imply  that  the  attraction  can  be  neglected  in  relation  to  the  highly 

(W,5) 


heated  products,  so  the  equation  of  state  becomes 


in  which  A  ia  a  constant.  BORN'a  lattice  theory  gives  P  ^ 
the  elastic  component  of  the  pressure,  but  this  is  not  applicable  for 
the  very  small  separations  considered  here;  a  power-law  representation 
of  the  repulsion  is  only  a  mathematically  convenient  approximation. 

The  term  in  /(b) 7‘.  represents  the  ratio  of  the  total  volume  to  the 

inherent  volume  of  the  molecules;  when  v  is  large,  and 

(D(n)->0  ,  so  as'o-+oo  .  The  molecules  become  deformed  at 

very  high  pressures,  so  it  is  not  possible  to  put  /(b)'  in  the  form 
*  o 

,  in  which  a  is  a  constant.  If  aoco.,  to  a  certain  degree  of 
approximation •  then  /(e)  ,  in  which  B  is  a  slowly  varying  function 

of  o;  B  =  constant  for  high  pressures  and  B-*R,  as  (/:>»  «•,  Then  the 
final  form  for  the  equation  of  state  is 

(40,4) 

H 

Statistical  physios  gives  us  the  free  energy  of  a  solid  (or  liquid) 


F^Pdv)  +  RLT\nr^, 

(40,5) 

in  which  /i(bli  is  the  temperature-independent  part  of  F\.L  is  the  mean 
number  of  degrees  of  freedom  for  a  molecule,  4' is  BOLTZKAKN's  constant, 
and  im  is  the  mean  vibrational  frequency  of  the  atoms  (allowance  being 
made  for  the  rotational  and  vibrational  degrees  of  freedom) .  But 


so 


Then 


=zAv-’^-\- 


Bf 

V 


B 

RLv' 


(40,6) 


3/7 


and  so 


It  can  be  shown  that  (i(0,6)  corresponds  to  the  Isentropic  equation 

■  (40,7) 

in  which  M(S)  is  a  function  of  the  entropy  whose  form  is  f^overned  by  the 

conditions  at  the  detonation  front*  This  equation,  with  the  conditions 

for  contact  between  the  KIKHEL'SON  line  and  the  shock  adiabatic,  gives 

us  that 

(M) _ £ _ 

\dvjg  e  V  V 

if  we  neglect  p'«  relative  to  p.;  then  B  is  related  to  'A  by 


and  (40,7)  may  be  put  as 


B  A  — 1  +  2« 

•ffl" - 5^ 


p~^M(S)v-*, 


This  A  is  given  by 


(  ilnO  \  *  -V  ^ 


(40,8) 


(40,9) 


(40,10) 


which  ±8  a  consequence  of  (40,7)  and  the  basic  relationships  for  detona¬ 
tion  waves.* 


The  BjoS  (40,8)  is  inserted  in  (40,10)  to  give 

(P_i‘)Ar::A[(2o-|-l)p-2«-{o4-l)l+a(2a--I)«iO,  (40,11) 


(40,11) 


in  which 


That  is,  k,  may  be  found  if  a  and  ^  are  known*  The  medium  resembles  a 

solid  body  in  its  behavior  when  the  pressure  is  very  high,  and  then  p  »  2, 


because  c,’=*RL,  At  low  pressures,  p  s  1 ,  because  c. 


for  an 


ideal  gas;  A.  increases  with '0  and  p.  Of  course,  the  state  of  the 
highly  compressed  products  is  not-  exactly  that'  of  a  solid;  it  approaches 
more  closely  that  of  a  liquid  at  the  high  temperatures  involved,  so 
c,  and  P  may  be  somewhat  greater  than  2* 

are  typical  of  standard  high  explosives. 


Values  of  p  near  2.2 


We  may  deduce  a  from  the  relation  of  D  to  p,^  ,  which  is  linear  on  a 
log-log  plot  for  po=“l-2  ‘g/om^j  then 


and  Q'ls  almost  constant;  the  range  is  0.70-0.?^  for  most  high  explo¬ 
sives  at  reasonahly  high  densities,  so  we  may  reasonably  use  an  average 
value  for  a> 

The  A  and  A  of  (h0,4)  are  to  be  found  from  the  formula  for  the 
temperature  Ti^.  at  the  front,  which  is  deduced  from  the  equations  of 
energy  and  isentropy  as 


(43,12) 


in  which  is  the  heat  produced  at  the  front  and 


,  j  *— )+2a  ' 


If 


o.Ar=o 

(since  AQaaeO}!*  and  alao  ktmn  ;  then  the  limit  Oy  at  which 
is  'given  by 


D\=>2in*  —  l)Q. 

Now  .ki  rises  gradually  to  the  limit  A*  as 


front  in  a  detonation  wave  as  a  func¬ 
tion  of  density  of  explosive  for  iQ,.  = 
1  ko41/g  and  VW/*  30  • 

3/f 


(40,13) 

increases,  so  (40,12)  implies 
that  T;  falls  from 

in  which  Tg  is  the  reaction 
temperature,  to  the  Initial 
temperature  of  the  explosive 
.as  the  density  increases  (the 
latter  limit  is  unattainable 
in  practice).  The  reason 
for  this  fall  is  as  follows. 
The  elastic  forces  between 
and  within  molecules  become 
more  important  as  the  density 


increases,  so  the  energy  released  by  the  reaction  is  in  part  used  up  in 
overcoming  these  forces  (of  repulsion) ;  less  is  available  for  the  energy 
of  thermal  motion,  and  so  7"/^;  falls.  Figure  70  illustrates  this. 

The  limit  to  k.i  namely  n,  is  given  by  (40,4)  and  (40,7),  which 
become  the  same  for  T=aO,  for  ,Af(5)  s  constant  *  and  so 

(40,14) 

whence 

.  +  (40,15) 

'(*^  is  the  limiting  i*;) .  This  gives  us  ,  and  hence,  by  extrapolation 

of  the  relation  of  In  D  to  In  po.  (see  Fig.  86,  section  44),  we  get  the 

limit  to  pil,  which  is  given  by 


and 


Pi  n  +  1 


n  +  l 

Pi-  ■=?«,  — ^ 


(40,16) 


Then  (40,14)  gives  us  that 

The  k  and  m.  corresponding  to  any  given  pt'  and  Q,  are  calculated  from 
the  above  formulas;  Table  54  gives  the  final  results  for  the  case 
1  kc&l/g,  which  corresponds  to  /i  s  5.6  and  a  limiting  'po  of  ; 

2.25  g/cm^;  these  give  p  s  2.2.  It  has  also  been  assumed  that  a 
increases  linearly  from  zero  at  .po^O  to  I/6  at  po=-2.26,  then  . 


„  _  Po  . 
i6j;' 


Table  54 


Detonation-Wave  Parameters 


h.  g/eai 

0 

0.1 

0.20 

0.33 

0,60 

0.76 

1.00 

1.S5 

1.70 

3,3! 

a 

0 

0.01 

0.16 

0,23 

0,46 

0.70 

0,76 

0,76 

0.76 

0.76 

D, n/nto 

2180 

2500 

2800 

2950 

3300. 

4300 

5360 

6S00 

8000 

10000 

k 

1,25.. 

1.30 

1,62 

1.78 

2,22 

2,80 

3,05 

3.21 

3.40 

3.60 

m 

1.25 

1.29 

1,35 

1.38 

1.42 

1,50 

1.76 

1,90 

2.10 

2.40 

% 

1,00 

1.10 

1,24 

. 

1,33 

1.42 

1,60 

lJi8 

1,66 

1.84 

2.22 

■ 

The  above  expressiona  give  us  that 
—  "  /  fe  +  1  n  —  HI 


^"o  /  A!  1  \»  n. 

'  —  n-lA  A  ./  TT 


A+l 


/»  —  1 
2A 


"0 


L  i!A 


But  •»  so  (Wi17)  gives  ^ 

which  defines  0  in  terms  of  po  and  0 i  in  cgs  units  it  becomes 
=  W ^>('’o)pr‘+Ml^o)'Q  ==  +  ^Q-  , 


in  which  A's-  l.l6  x  10 


10 


We  may  put  (40,4)  in  the  form 


jf^Ap'‘+^pT=U6^10^y->-i-^pr. 
in  which  M'  is  the  mean  molecular  weight  and 


<W,l8) 

(40.19) 

(40.20) 


ii  A  —  1  +  2i  , 

^  ==>  jj 


Table  55  gives  b;  t  andiS,  as  well  as  other  parameters,  as  funccicns  of 
po  for  Q;  *  1  kcal/g  and  M  ®  "50;  the  mean  ,!•  for  the  products  is  6,  n  and 

Table  55 

Parameters  for  the  Equation  of  State  and  for 


the  Detonation  ?rOBl(Q .»  1  kc!Ll/g) 


1 

i 

o 

9> 

i 

CJ 

eC** 

i 

# 

i 

g 

S 

II 

•1 
’  c? 

4 

■'  tij 

-3 

1 

r*4 

,1 

o'*" 

ibT-*K 

.  B 

7 

* 

-*•.  - 

0 

2180 

0 

0 

910 

490 

6,0 

5000 

1.0 

1.12 

30 

1.25 

0,1 

2500 

0.17 

0,26 

1040 

487 

7.0 

4900 

1,0 

1,37 

30 

1.30 

0,25 

2800 

0.40 

0.72 

1020 

480 

75 

4000 

1.8 

1.64 

29 

1.38 

0,32 

2  950 

0,52 

1.00 

1060 

456 

8.0 

4200 

2.4 

l.8o 

17.5 

1.42 

0.50 

3300 

0.73 

1.70 

1030 

453 

85 

3850 

3.90 

2.05 

15.0 

1.52 

0,75 

4300 

1,02 

3.60 

1130 

435 

9.0 

3500 

6.00 

3.05 

14.0 

1,78 

1,00 

5  350 

150 

7.00 

1330 

416 

95 

31.50 

7.27 

4,30 

10.0 

2.10 

1.25 

6  500 

1.65 

1250 

1640 

381 

10,0 

2750 

8.0 

5.8 

9.7 

2.45 

1.70 

8  000 

2.20 

2450 

1800 

265 

11,0 

1750 

8,1 

75 

,  7.7 

2.93 

2.25 

10  000 

2.o7 

4850 

2200 

0 

12.0 

0 

8,7 

10.0 

7.0 

3.60 

■A  being  as  above . 

The  properties  of  the  products  gradually  approach  those  of  an  ideal  j 

I 

gas  as  the  expansion  proceeds;  (40,9)  cannot  bo  used  to  discuss  this  ‘ 


3,5./ 


transition,  for  it  represents  the  behavior  accurately  only  for  very  high 

pressures.  Instead,  we  use  the  energy  equation, 

,  ■  CV),21) 

in  which  subscript  :V  denotes  the  initial  state  (that  at  the  front)  and 

subscript  some  intermediate  state ,  ;AQ' being  the  residual  heat  in  that 

state  (the  state  in  which  the  mixture  becomes  effectively  an  ideal  gas). 

Any  subsequent  expansion  obeys  the  law 

(«),22) 


pv’  =»  p,vl  =3  const, 


in  which 


'T' 


te  p^Pm  “<*  f>W.- 


and 


aA 

(k0,2i) 

Kow  (t«0,9)  is  the  Isentropio  equation  for  the  first  stage  of  expan¬ 


sion,  so 

The  energy  equation  is 


Q  4- (»o —«'/)'=  Q  H- 

Comparison  of  (t«0,21)  with  (.1^0,25)  gives  us 


(40.24) 

(40.25) 


(40,26) 


•An  -  A*'.  >  O* 

which,  when  the  ptVn  ,  of  (40,25)  is  inserted,  becomes 
That  is,  we  replace 

.  const  ' 

(an  equation  of  isentropy  with  'ij~  variable)  by  (40,9)  end  (40,22),  which 
are  matched  to  ensure  that  the 'law  of  conservation  of  energy  is  obeyed. 
It  is  very  convenient  here  to  introduce  the  kcl  defined  by 

7 

« 

This  is  an  approximation,  and  (40,26)  shows  that  this  lAo;'  corresponds  to 
aQ-kO;;  then  wo  use  a  single  formula  ..P“  Al(p)p*'  for  the  entire  range  of 
the  expansion.  Table  55  shows  that  for  p,!  of  1.55  to  1.65  (the 


usual  range  for  high  explosives).  This  means  that  we  may  use  a 'mean 
value  ^  of  5  in  approximate  calculations  on  detonation-front  parsuneters 
and  on  the  expansion  of  the  products;  precise  calculations  require  the 
k,  of  Table  ^4,  of  course.  The  basic  relations  for'  detonation  waves 
then  become 
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(40,27) 


(here  and  henceforth,  by  k  is  meant  ^> ) • 


ZEL'DOVICH  and  KOKPANEYDTS  have  given  a  more  rigqrous  treatment 

(40,23) 


based  on  the  above  assumptions;  their  results  are 

_  p  =  Bu-'‘[i -hyl, 

)r  w  «  I  \  “*  1 1 
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(40, a9) 


is  the  ratio  of  the  temperature  component  of  the  pressure  to  the  elastic 
component,  (in  which  c«,’  is  the  specific  heat  associated  with 

the  vibrational  motion,  which  is  converted  to  forward  motion  or  rotation 
as  the  expansion  proceeds),  mis  as  above,  and  B'Lb  a  constant  dependent 
on  the  nature  of  the  explosive.  The  relation  of  Q  to  ;po"  for  TM  gives 
0.473  snd  4.8;  :n\  is  2.8  to  3.0,  which  is  almost  exactly 
LANDAU  and  STANYUKOVICH's  value.  Calculations  from  (40,19)  and  (40,2<5) 
also  give  similar  results.  The  D.£oi  a  condensed  explosive  may  be  cal¬ 
culated  approximately  from  ’  . 


(40,30) 


in  which  subscript  1  relates  to  some  standard  explosive  (say,  trotyl) 
whose  jD?i8  known  accurately  as  a  function  of  p^:.  This  gives  D;  in  terms 
of for  a  given  density;  the  results  are  in  agreement  with  experiment. 


3tl3 


^ imple .  Determine  D  for  hexogene  for  =  1.6;  Q,  =  I36O  kcEU/kg. 

The  Di  for  trotyl  for  this  density  is  7000  m/sec  (Qi  =  1000  kcEil/kg),  sfo 

(^.30)  gives  _  .. 

:  Dj  =  7000  y  »8i60 

Measuremei.»s  give  0  for  hexogene  at  1.6  g/cm^  as  8200  nv^sec. 

The  following  is  a  simple  mevaod  of  deducing  A,  which  was  described 
by  POKKOVSKiy'  and  STANYUKOVICH.  The  perpendicular  to  the  axis  of  a 
long  charge  makes  a  certain  angle  f  with  the  direction  of  maximum  density 
for  the  fluxes  of  energy  and  momentum;  we  may  assume  that 


in  which  is  the  speed  of  the  products  along  the  axis  behind  the  front 
and -w  is  the  speed  of  the  products  escaping  from  the  surface  of  the 


charge  along  the  normal  to  the  axis.  Now 

(  '  V.  D  ~  '  ihb 
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This  means  that  we  have  only  to  measure  9^;  various  methods  are  available. 


For  example,  a  curved  charge  may  be  detonated  on  an  aluminium  plate,  in 
which  case  the  damage  is  most  pronounced  along  an  arc  of  radius  >.  that ' 
lies  near  the 'center  of  curvature.  A  simple  geometrical  construction 
shows  that 

'  (a<p™-7.=4==-.  ,  ’ 


so.. 


DOKUCHAYEV  has  made  many  measurements  of  this  kind,  which  have  given 
of  2.85  to  3.0  for  between  2*5  and  11  cm;  .  i?’ appears  not  to  affect  ft' 
at  all,  so  we  may  say  that  the  direction  of  escape  is  established  very 
close  to  the  charge,  where  the  density  is  high  and  so  .ft;  is  effectively 
constant. 

BAUM  and  SCHACHT.EB  have  used  an  entirely  different  method  to  test 


the  compression  law  for  condensed  explosives.  Here  use  was  made  of  the 

kinemn'tic  parameters  of  the  shock  waves  set  up  in  certain  media  in  order 

5  /  ^ 

to  test  the  3  aw  for  pressures  up  to  2  x  10  kg/cm^.  is  very  con¬ 

venient  for  this  purpose,  because  the  region  in  the  shock  wave  becomes 
opaiiuej  the  motion  of  the  wave  can  be  recorded  photographically. 

If  the  charge  is  in  contact  with  the  water,  we  must  have  that 
and  a«  =  .u/'  when  the  detonation  wave  reaches  the  interface  (here  is 
the  pressure  in  the  gas,  -p '  is  the  initial  pressure  of  the  shock  wave  in 
the  water,  u^j  is  the  speed  of  the  interface,  and  •«.'  is  the  initial  flow 
speed  behind  the  shock  front  in  the  water) .  The  compressibility  of 
water  is  very  much  larger  than  that  of  the  highly  compressed  products, 
so  a  rarefaction  wave  appears  in  the  latter;  then 

■ 

(p.is  density),  which,  with  the  equation  of  isentropy  =  gives  us 


that 


(¥),31) 


Then  ^  . . ,  ...... 

i  •  «'  “/(;»»—  /’o)  {'I'n»  —  V^„), 

(40,32) 

in  which  jpo,,  and  are  the  specific  volumes  of  water  in  the  unperturbed 
state  and  at  the  front  respectively.  But  p^'^Po,  ,  so  (40,32)  may  be 
put  as  . -  - 

•  (W,33) 


The  relation  of  p  to  ip<  for  water  is  given  for  a  wide  range  of 
pressures  by 


(40,34) 


2 

COLE  gives  A  =  3047  kg/om  and  ni =  7.15  for  fresh  water  on  the  basis  of 
BRIDGMAN'S  results  for  the  compressibility  as  a  function  of  temperature; 


3^^ 


(^,55)' 


(40,33)  and  (40,34)  give  us  that 

\  p_gj=(^+ip. 


The  shook  wave  has  a  saeed 
D'  “ 


1  jf  V  Pqi^  1  — p  •_ 


(40,36) 


1  —?S!!£. 

SCHACHTEH  has  measured" the  initial '  speeds  of  shock  waves  produced  in 
water  hy  trotyl  and  by  retarded  hexogene;  the  speeds  were  measured  in  the 
direction  of  propagation  of  the  detonation  wave  in  the  charge  (Table  56). 

Table  56 

Initial  Parameters  of  Shock  Waves  in  Water 


Explosive 

Pft.t 

e/ca? 

ffl/sec 

D\ 

m/sec 

■  2 

kg/ cm 

u:'  1 

m/  sec 

Trotyl 

1.61 

7000 

5560 

129  000 

2300 

Hexogene 

1.60 

8000 

6100 

166  000 

2665 

Here  Q>  is  experimental,  while  p,  and  U,'  are  from  (40,3?)  and  (40,36). 
Equation  (40,27)  enables  us. to  put  (40,31)  as  . 


Ua-- 
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The  only  unknown  is  k,  which  is  the  quantity  required.  The  results 

given  by  the  parameters  of  Table  36  are  satisfactory  if  n  is  taken  as 

3.17  for  retarded  hexogene  and  as  3.20  for  trotyl,*  that  is,  these  two 

very  different  explosives  have  almost  the  same  equation  of  isentropy, 

which  is  _ 

nv»-»  M  const,  ’ 

(40,38) 

in  which  (s  3*2)  is  close  to  the  value  of  3  assumed  previously. 

In  1958  COOK  criticized  the  hydrodynamic  theory  on  the  ground  that 
thermal  conduction'  is  not  negligible  for  a  detonation  wave;  he  con¬ 
sidered  that  a  heat  flux  can  move  at  a  speed  substantially  in  excess  of 


tha  speed  of  a  normal  detonation  wave.  The  consaquonoe  of  this  is  that 
he  rejects  the  parameter  distributions  for  the  reaction  zone  implied  by 
the  ZEL'DOVICH-DOEINQ  theory  (section  37).  As  confirmation  of  this  he 
quotes  his  experiments  on  the  spread  of  the  emlaalon  region  in  tetrani- 
tromethane  before  the  normal  detonation  conditions  have  become  estab¬ 
lished  (speed  in  excess  of  30  km/sec).  There  is,  however,  no  justi¬ 
fication  for  equating  the  spread  of  the  emission  to  the  speed  of  the  heat 
flux;  'other  effects  may  be  responsible.  In  particular,  COOX's 
tetranitromethane  charge  was  detonated  from  both  sides  simultaneously  by 
symmetrically  placed  charges  isolated  by  layers  of  lucite.  There  is 
always  a  delay  before  the  detonation  becomes  normal  under  these  condi¬ 
tions;  a  weak  wave  is  generated  Initially,  which  releases  only  part  of 
the  chemical  energy.  This  wave  does  not  produce  a  strong  emission. 

Two  such  waves  interact  to  increase  the  parameters  (especially  the  temp¬ 
erature)  very  substantially;  the  reaction  proceeds  much  more  rapidly 
in  the  reflected  waves.  This  means  that  the  delay  before  the  emission 
becomes  strong  will  vary  from  one  part  of  the  charge  to  another;  it 
will  be  least  in  the  plane  in  which  the  waves  meet.  This  means  that, 

I 

under  suitable  conditions,  the  phase  velocity  of  the  emission  can  be 
indefinitely  large;  it  has  no  relation  to  the  rate  of  spread  of  heat. 

The  hydrodynamic  theory  has  received  an  important  confirmation  in 
the  recently  published  work  of  ZEIi'DOVICH,  TSUKEEKAN,  and  EI'7IN,  in 
which  short  X-ray  pulses  were  used  to  measure  the  density  distribution. 
COOK'S  criticism  of  the  hydrodynamic  theory  not  convincing;  his 
deductions  are  based  on  an  incorrect  int srpretai.ion  of  his  results. 

41 •  Limiting.  Conditions  of  Stability 

Any  gas  mixture  will  detonate  sta'bly  only  within  certain  limits  of 
concentration.  Table  57  collects  limits  as  given  by  various  workers. 


Table  5? 


Concentration  Limits  for  Detonation  at  Room 
Temperature  and  itir.ospherio  T.' 


'j\  t 

'Kixtur. 

oto. 

Vs  00 

Dy. 

Vsso 

li 

20 

90 

1457 

3550 

H,- 

h  . 

1 8.2 

58.0 

1500 

2100 

CO,'. 

-  0.  <  ) .  .  . 

38 

90 

.... 

.  1473 

-  air  ..... 

5.S 

I1.5 

1675  , 

1801 

C,Hi- 

-  0,  •  • . 

35—3.6 

92-93 

1607 

■  2423 

C,HJ- 

-0,  . . . . 

3.2 

37  • 

.  1587 

2210 

-0, . 

2.9 

3I.3 

1695 

2188 

(CjHj)aO  +  Oa  ....... 

2.7 

40 

1593 

4323 

These  limits  apply  for  tubes  10-20  cm  in  diameter  under  laboratory  con¬ 
ditions!  they  are  somewhat  wider  for  larger  tubes.  KOOARKO  and 
ZEL'DOVICH ^have  found  that  in  air  has  limits  of  1$  and  for 

a  tube  305  mm  in  diameter,  for  example.  The  lower  limit  is  a  result  of 
the  fall  in  0  6.nd  of  the  relative  rise  in  the  importance  of  heat  loss. 

If  the  above  relationships  apply  to  the  entire  reaction  zone,  then 
Pi  cannot  be  less  than  would  correspond  to  point  M  on  the  Hugoniot  curve 
no  matter  how  low  the  reaction  rate  may  be.  Two  conditions  basic  to 
those  relations  must  be  complied  with,  namely  a)  there  must  be  no  loss 
of  heat  by  conduction  to  the  cold  tube  and  no  friction  at  the  wall  of 
the  tube;  h)  the  tube  must  be  absolutely  rigid.  Then  the  front  remains 
straight,  and  all  parameters  are  functions  only  of  a  coordinate  whose 
axis  is  that  of  the  wave.  These  conditions  do  not  apply  to  real' tubes, 
of  course;  the  reaction  cannot  persist  at  a.ll  unless  the  rate  of  pro¬ 
duction  of  heat  exceeds  the  rate  of  loss,  and,  in  the  limit,  ij  =  V^/q'  -*  1, 
in  which  is  the  energy  used  by  the  wave  and  Q  is  the  chemical  energy. 

The  balance  between  production  and  loss  moves  unfavorably  as  the  reaction 
rate  falls?  v  decreases,  with  the  result  that  D  does  the  same. 

The  energy  balance  as-  defined  by  HUGONIOT's'  equation  is  altered  if  q <  I  ; 


the  wave  propagates  as  though  the  cheitioal  energy  had  bean  reduced  by 
the  amount  of  the  heat  loss. 

ZEL'DOVICH  and  LEYPUNSKIY  have  shown. that  the  Ignitlor.  oonditicna  at 
a  detonation  front  are  essentialj.y  the  same  as  those  for  ignition  by 
rapid  adiabatic  compression.  They  ignited  the  explosive  mixture  by 
means  of  a  bullet  from  a  special  small-caliber  rifle;  a  shock  wave 
having  the  speed  of  the  bullet  was  formed  at  the  tip.  Speeds  of 
1700-2000  m/seo  were  sufficient  to  ignite  +  0^  +  5Ar,  although  the 
gas  was  compressed  for  no  more  than  10  ^sec. 

VENDLAKI)  has  calculated  the  temperature  at  the  front  of  a  shock  wave 
moving  in  a  limiting  mixture  with  a  speed  equal  to  the  limiting  stable  3; 
he  finds  It  to  he  close  to  the  ignition  temperature  as  measured  by  adia¬ 
batic  compression.  Of  course,  the  excitation  mechanism  for  a  condensed 
explosive  is  rather  more  complicated,  for  the  temperature  change  in  the 
compressed  layer  is  comparatively  small. 

The  above  results  show  why  P  is  reduced  when  the  tube  is  of  $mall 
diameter;  much  heat  'is  lost  to  the  wall.  ZEL'DOVICH  has  considered 
the  theory  of  the  limits  and  O,  as  affected  by  heat  loss  and  friction; 
the  detailed  treatment  is  given  in  ZEL'DOVICH  and  Kompaneyets's  book 
"Theory  of  Detonation". 

Similar  effects,  which  may  retard  or  suppress  the  detonation,  can 
occur  if  the  tube  or  casing  ruptures  during  the  process:  this  occurs 
mainly  for  condensed  explosives,  which  produce  very  high  pressures. 

The  products  then  escape  from  the  sides;  the  resulting  rarefaction  wave 
enters  the  reaction  zone  and  may  cause  the  pressure  at  the  front  to  fall 
very  greatly.  The  precise  effect  is  dependent  on  the  ratio  of  the, 
width  I  of  the  reaction  zone  to  the  diameter  d,  of  the. charge.  L6t  ti 
be  the  reaction  time,  and  let  '.tj-  be  the  time  needed  for  the  wave  to 


propagate  back  to  the  axis  of  the  charge  (a  distance  (iil2 .) ;  then 

•  I  _  .  . 

(41,1) 

in  which  c- is  the  spaed  of  that  wave  (the  speed  of  sound  in  the  products). 
If  Ti^ta  ,  the  wave  reaches  the, zone  before  the  reaction  is  coaiplete,  in 
which  case  the  pressure  at  the  front  will  fall  below  that  corresponding 


to  point  A^'on  the  HUQONIOT  curve; 


Fig.  71.  Detonation  In  an 
open  cylindrical  charge.  1) 
Detonation  direction;  2)  rare¬ 
faction  wave;  3)  region  unaf¬ 
fected;  4)  rarefaction  front; 
3)  front  of  escaping  products; 
6)  explosive;  7)  zone  of 
products. 

because  (see  section  42). 

length. 


the  products  start  to  expand  rapidly 
before  the  reaction  is  complete, 
so  not  all  of  the  energy  is  uti¬ 
lized  and  D  is  reduced.  Figure 
71  illustrates  the  .general  beha¬ 
vior  of  the  rarefaction  wave. 

Here  D is  a  function  of 

I  /I  ,  in  which  I  is  the  effec- 

»  p.  • 

tivs  length  of  the  reaction  zone. 
The  o'  corresponding  to  point  M  is 
then  the  naxiaum  speed;  the  mini¬ 
mum  diameter  of  charge  that  can 

ensure  this  speed  is  given  by 

I 

t,  =Ts  or  D 

(41,2) 

This  applies  to  a  charge  of  unlimited 

same  conclusion  from  the  effects  of 


fJOOK  and  others  have  drawn  th- 

( 

particle  size  on<D  and  on  the  radius  of  curvature  of  the  detonation 
front.  This  enables  us  to  evaluate  the  reaction  rate  if  d  „  ts  knovm. 
Figure  72  illustrates  the  situation  In  a  charge  of  this  diameter;  the 
hatched  area  represents  the  zone  that  remains  unaffected  by  the  rare¬ 
faction  wave  during  the  reaction.  The  central  zone  of  the  detonation 


wave  moves  with  a  speed  Q, 
whereas  parts  nearer  the  ed~e 


Fig.  72.  Detonation  In  a  charge 
of  diameter  8)  profile  of 

wave  front;  other  notation  as 
for  Fig.  71. 


lower  speeds.  The  result  is 
a  curved  detonation  front  of 
the  shape  shown  in  Fig.  72. 

The  radius  of  curvature  ^  is 
roughly  equal  to  if  lies 
between  d  and  ,d  Cthe  oriti- 

w  e 

cal  diameter);  the  speed  of  any  given  point  on  the  front  varies  as  the 
sine  of  the  angle  between  the  axis  of  the  charge  and  the  tangent  at  that 
point.  The  process  la  steady,  so  the  front  moves  with'^ut  change  of 
shape .  ' 

BELYAEV  has  rsoordsd  the  motion  of  suoh  fronts  and  has  demonstrated 
that  the  oentral  part  does  move  appreciably  faster  than  the  edge.  COOX 
has  made  systematio  studies  for  various  explosives;  he  finds  that  the 
front  is  spherical  and  that  0.5  <  <  5*5  for  all  the  explosives 

he  examined  (apart  from  NH^NOj). 

starts  to  fall  if  d  is  reduced  below  ,y  and  reaches  a  limit  D  at 
(L.  This  represents  a  limit  to  the  stable  state;  below  it,  no- shock 

I 

wave  can  excite  a  self-sustaining  reaction  leading  to  a  stable  detonation 
wave.  If  n,  and  hence  the  proocurs  of  ths  shook  wave,  falls  below  this 
limit,  the  explosion  wave  dies  away.  The'  critical  shock-wave  parameters 

are  characteristic  of  the  explosive.  Other  things  being  equal,  the 

higher  the  reaction  rate,  the  lower  and  d.i',  the  casing  has'  an  effect 

here,  because  it  restricts  or  prevents  the  escape  of  the  products. 

KHARITON  formulated  t?je  stability  criterion  in  the  form  ii<C8.  ;  he 


33/ 


considered  that  no  steady  detonation  was  possible  for  Ti>'t2  .  The 
measured  agree  closely  with  .those  given  by  which  tends  to  con¬ 

firm  this  view.  If  we  assume  that  £)  is  a  function  of  I  /I  =  9,  being 
maximal  for  .9.=  1,  we  can  establish  a  relation  becwoen  3  and  d  for  the 
range  de  „  for  charges  of  constant  density  and  particle  size. 

We  assume  that  the  energy  taken  up  by  the  front,  is  proportional  to 


I  (  Qa,  =  Q,,  the  total  energy  of  reaction,  when  I  *»  1  ) ,  so 

^  ,  C  P  ffl 


‘ « . 
h 


But  D'  oc  P  and  I  =  i_ ,  so 
e  -3’ 


3  m  ^  If.  ID  ' 


T^'n  '  (41 ,3) 

da  being  the  diameter  and  D,,  the  maximum  p.  Bow  I ^  increases  as 

decreases,  on  account  of  energy  losses  and  reduced  temperatures;  can 


be  deduced  from  kinetic  considerations.  Here  1,  =  “tZ)^  and 
which  Oj,  (the  reaction  rate)  is  proportional  to  exp ( - ^/ '*^»), 
relations  imply  that 


T=  ,  in 


These 


.  F, 

t/r  _  .  Z).B  .  _ 

TIT—  e 

•  p-  « 


mM  V  /. 


(41,4) 


in  which  is  temperature  corresponding  to  p^ ,  being  the  same 

for  0.  Then  (41,3)  and  (41,4)  imply  that 


(41,5) 


We  need  T^idg)  in  order  to  calculate  Z?*’ as  a  function  of  d^i  this 
presents  some  difficulty.  However,  D^^da)  is  known  from  experiment,  so 
we  can  find  T„(da)  }  in  this  way  wo  can  find  the  temperature  corres¬ 
ponding  to  the  condition  of  limiting  stability.  In  this  connection,  we 
may  take  the  7’ of  (41 ,5)  to  represent  the  mean  temperature  in  the  reaction 
zone. 

JONES  and  EYRIN5  have  dealt  with  the  theory  of  detonation  for 
charges  with  d<d^\  the  two  treatments,  although  rather  different,  give 
almost  precisely  the  sauae  form  for  which  a  is  the 

width  of  the  reaction  zone.  JONES 's  theory  is  based  on  representing  the 


charge  as  a  material  issuing  from  a  nozzle  (in  a  moving  system  of  coordi¬ 
nates).  Hydrodynamic  relationships  a  e  deduced  for  the  expanding  pro- 
dwcts  (the  PRAKDTL-^iEYER  problem).  EYRING's  theory  differs  from  JOKHS's 
in  the  assumption  that  the  wave  front  would  be  flat  but  becomes  curved 
as  a  result  of  lateral  escape  of  products.  The  relation  of  curvature  to 
speed  is  deduced.  Both  theories  deal  vrith  charges  with  and  without 
cases;  the  case,  if  thin,  is  assumed  to  start  moving  before  the  reaction 
is  complete,  so  its  effects  are  determined  by  its  inertia.  On  the  other 
hand,  the  shock  wave  is  taken  to  be  responsible  for  the  expansion  if  the 
case  i£3  very  heavy;  here  lateral  escape  of  products  is  mainly  a  result  - 
of  the  compressibility  of  the  material. 

The  two  theories  often  give  good  agreement  with  experiment;  their 
main  disadvantage  is  their  assumption  that  the  reaction  zone  is  of  con¬ 
stant  width  when  d  KHARITON  has  claimed  that  any  system  in  which 

an  exothermic  reaction  is  possible  can  be  detonated  under  suitable . con¬ 
ditions,  no  matter  what  the  reaction  rate;  the  Slower  the  reaction,  the 
greater  This  definition  of  capacity  to  detonate  is  not  sufficiently 

precise,  because  it  neglects  the  critical  conditions  associated  with 
initiation  at  the  detonation  front.  In  fact,  if  .Q  is  small,  and  if  the 
0^  corresponding  to  that  Q'is  less  than  the  critical  speed  (the  speed 
needed  to  initiate  the  reaction),  then  no  d  however  great-  can  give  rise 
to  a  steady  detonation  wave.  (I.  Ya.  PETROVSKIY  first  directed  atten¬ 
tion  to  this  point.)  This  means  that  we  can  assume  that  a  system  can 
be  detonated  only  if  it  can  give  an  exothermic  reaction  such  that  D  can 
exceed  Dg.. 

The  above  arguments  as  to  the  limits  are  dealt  with  in  detail  in 
cliapter  VIII,  which  presents  experimental  results. 


42.  Parameters  of  the  Products  Behind  the  Front 
The  detonation  wave  is  a3.waya  associated  with  a  rarefaction  wave, 
which  appears  as  soon  as  the  reaction  is  complete;  the  reason  is  that 
the  products  move  with  a  speed  u  in  the  detonation  direction  immediately 
behind  the  reaction  zone,  where  they  are  under  high  pressure.  The  pro¬ 
ducts  come  to  rest,  and  the  pressure  falls,  if  the  charge  is  contained  in 
an  indefinitely  strong  tube  closed  at  the  starting  end.  It  is  readily 
demonstrated  that  the  law  of  conservation  of  energy  is  violated  if  the 
rarefaction  wave  is  neglected.  The  entropy  at  the  detonation  front 
remains  constant,  and  behind  the  front  we  have  an  isentropic  expansion, 
so  the  effect  can  be  described  in  terms  of .the  first  equations  of  gai 
dynEunics.  All  parameters  depend  only  on  and  r  ( see  section  22)  if  the 
wave  is  planet  the  equations  then  become 


(42,1) 

that 

(42,2) 

^  «)  ^  («  =fc  c)  -  0. 

.(42,3) 

-  .  .  .  ...  .... 

const.  1 

. ...  I 

(42,4) 

If 


(42,3)  is  satisfied  exactly,  so  the  initial  system  of  equations  can  be 
put  as  A  a  ■"  • 


which  enables  us  to  put  the  solution  as 

I  JC=»(«dro)^ -?-/'(«).  U2,6) 

This  describes  propagation  in  one  direction  only  (a  feature  character¬ 
istic  of  detonation  waves);  the  positive  sign  is  taken  if  the  propagation 
is  from  left  to  right  in  the  direction  of  “Jt"  increasing,  and  vice  versa. 
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Then  the  parameters  are  given  by  the  solutions 

x  =  (u:±:c)t-j~F(u),  ]  ' 

2c  .  ,  V  * ' 


(42,70 


Let  us  suppose  that  the  detonation  starts  at  the  closed  end  of  the 
tube  (.v^O)  at  time  iWiQ’  and  propagates  from  left  to  right;  the  plus 
sign  is  then  used  in  (42,7).  The  position  for'(e=0l  is  defined  as 
,  BO  /'■(«)  —O  ,  and 

For  a  strong  detonation  wave, 


(42,8) 


Ui 


Then  the  constant  in  (42,4)  is 

const  ■■ 


*  + 


o  ^ 


Thus  the'  rarefaction  wave  is  described  by 

4-m.u+e. 


io—D 
ft  — 1  ' 


(42,9) 


(42,10) 


The  tube  is  closed  at  xaM0|i  bo  these  equations  apply  only  fori' K  for 
which  a  is  not  zero;  all  parameters  remain  constant  back  as  far  as 
£=>p,  from  the  point  at  which  u  —  0. 

The  products  from  condensed  explosives,  which  give  strong  detonation 
waves,  have'ftxaS  ;  then  (42,10)  takes  the  very  simple  form 

ycaU-j-C,  — 2"“**  —  : 

so 


/,  x  ,  D 


D 

T' 


(42,11) 

(42,12) 


(42.13) 


„  •  j  "  *3 '  '  *  “  . . - 

At  the  front,  —  =iZ).  ,  and  Ci<^^D  ;  when. 

.  ^  D  ^D  . 

T  ~T  >  *  T  *:■ 

Then  (42,12)  impli'ss  that and  ,'c;' vary  linearly  in  the  range 

'tr,*  0  and  c«y,  for  • 

Figure  73  shows  ia'  .ind  ~d (as  functions  of 

time;  the  point  of.  transition  from 

•  expansion  to  rest  lies  half-way  between 

the  detonation  front  and  the  point  of 

initiation. 
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Fig.  73.  Variations  in  u 
and  «  behind  a  plane 'wave 
with  .4  =  3  . 


If  i,A==3.., 


eo  for  the  point  at  which  'umO, 

I  •  "**  S  2*8 

(42,14) 

That  is,  the  preesure  follows  a  power  law,  while  the  density  varies 

linearly.  J<'igure  74  shows 
this.  All  parameters  are 
functions  of  -j-  only,  so  the 
wave  gradually  becomes  broader 
but  does  not  change  in  shape 
(a  self^^modeling  process) . 

Table  58  gives  results  for 

various  values  of  ftC;  the 
pressure  ratio  clearly  is 
little  affected  by 

Similarly,  a  spherical 


74.  Variation  In  p  and  f' 
behind  a  plane  wave  with  A.""  3’. 


charge  detonated  at  the  center  gives  a  wavs  whose  parameters  are  functions 


Table  58 

Density  and  Pressure  in  the  Zone 
of  Best  as  Functions  of  A 


k 

Pt 

PlL 

hi 

Pi 

3.0 

■  OJC 

0.67 

1.66 

0.33 

041 

1.40 

a34 

0.46 

I'iO 

045 

0.369  » 1 

0.42 

1.0  ' 

0469 

of  rlt.  only;  ZEL'DOVICS  has 
given  the  detailed  argument, 
of  which  only  the  main 
results  are  presented  here. 
Figure  75  shows  the  para¬ 
meters  for  .Ab'31.  Here  c  is 
somewhat  less  than  0/2.  for 


the  point  at  which  'UBari  .  a  characteristic  feature  of  spherical' waves  is 
that  the  pressure  falls  very  sharply  behind  the  front;  the  pressure  and 
density  at  the  front  and  at  the  center  are  as  for  the  corresponding 
points  on  a  plane  wave. 
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The  first  result  of  a  detonation  in  a  closed  space  is  a  pressure 

(the  same  at  all  points) ,  the  density  being  still 
;po-  .  This  pressure  is  given  by.  ^  , 

so 

(A— l)poQ«- 

•  -  -  — 

The  pressure  at  the  detonation  front  is 

■  PiiQii'. 

BO  ,p^‘/p^  «  2.  The  increased  pressure  at  the  front 
is  balanced  by  reduced  pressures  elsewhere,  because' 
;/>iaai0'.6p»«.'i  *  maximuffl  pressure  would  be  p,,., 

if  the  reaction  was  simultaneous  at  all  points; 
that  is,  the  local  effect  of  a  simultaneous  explo¬ 


Fig.  75.  Vari¬ 
ation  of  p,,  K , 
and  u. behind  a 
spherical  deto¬ 
nation  wave. 


(42,16) 


sion  wotxld  be  less  than  that  of  a  normal  detonation,  although  the  total 
effect,  being  governed  by  the  energy  release,  would  be  the  same. 

The  above  results  show  that  a  detonation  causes  substantial  changes 
is  the  energy  content  and  other  parameters  of  the  products;  we  shall 
see  (in  chapter  XIXI)  that  this  feature  occurs  also  for  the  processes  of 
escape  from  the  surface  of  the  charge. 


Bibliography 

1.  K.  P.  Stanyukovich.  Transient-State  Motion  of  a  Continuous  Medium 
Cin  Pussian],  Qostekhizdat ,  19^5* 

2.  7a.  B.  Zel'dovich  and  A.  S.  Kompaneyets.  Theory  of  Betonation 
[in  Pusslan]*,*  Gostekhizdat,  1955‘ 

•3.  Courant  and  K.  0.  Friedrichs.  Supersonic  Flow  and  Shock  Waves 
[Russian  translation],  IL,  1950* 

4.  P.  Cole.  Underwater  Explosions  [Russian  translation],  IL,  '1950- 

5.  7a.  B.  Zel'dovich.  Theory  of  Shook  Waves:  an  Introduction  to  Gas 
Bynamics  [in  Russian],  Izd.  Akad.  Pauk  SSSR,  1946. 


357 


riiii#hii 


6<  V<  A.  MdJchel ' son •  Collected  Works  Lin  Russian j ,  vol.  1..  Izd> 
Novgy  Agronom,  '1930* 

7.  Ya.  B.  Zel'dovich.  Theory  of  COTTibuation  and  Detonation  in  Uasa.s 
[in  Russian],  Izd.  Akad.  Nauk  SSSR,  1944* 

8.  Ya.  B.  Zel'dovich.  Zh.  Iksper.  Teoret.  Fiz.,  542  (1940). 

9.  G.  N.  Abramovith  and  L.  A.  Vulis.  Dokl.  Akad.  Bank  SSSR,  111 

(1947). 

10.  Ya.  B.  Zel'dovioh  and  I.  Ya.  Shlyapintokh.  Dokl.  Akad.  Naidc  SSSR, 

6^,  871  (1949). 

11.  V.  Rozing  and  Yu.  Khariton,  Dokl.  Akad.  Nauk  SSSR,  ^,  380  (1939)* 

12.  A.  F.  Belyaev.  Dokl.  Akad.  Nauk  SSSR,  I8,  26?  (1938). 

13.  A.  Ya.  Apln.  Dokl.  Akad.  Nauk  SSSR,  285  (1945)* 

14.  L.  0.  Landau  and  K.  P.  Stanyukovloh .  Dokl.  Akad.  Nauk  SSSR,  46, 
399,  (1945).  • 

15.  E.  Jougot.  Mechanique  des  Explosifs.  Doin  et  Fils,  Paris,  I917. 

16.  B.  Lewi^and  0.  Elbe.  Combustion,  Flame,  and  Explosion  in  Oases 
CRusslan  translation].  XL,  1948. 

17.  Collection  of  Articles  on  the  Theory  of  Explosives  [in  Russian], 
Oboronglz,  1940. 

18.  M.  A.  Cook.  The  Science  of  High  Explosives,  Now  York,  1957* . 


33^ 


T-1488h 


CHAPTiiR  VIII 

EXCITATION  AND  PROPAGATION  OF  DETONATIONS 
y 

Excitation 

Thermal  or  mechanical  shock,  or  the  direct  action  of  a  detonator, 
is  the  usual  means  of  Initiating  an  explosion.  The  initiation  con¬ 
ditions  are  dependent  on  the  method  used,  on  the  type  of  explosive,  and 

a 

on  the  parameters  of  the  charge.  Heating  or  local  ignition  almost 
always  produce  a  period  during  which  the  material  burns  at  an  increasing 
rate;  ,the  duration  of  this  phase  is  dependent  on  the  density  and  dia¬ 
meter  of  the  charge,  the  ixxitlal  temperature,  the  external  pressure,  the 
strength  of  the  casing,  and  so  on.  The  process' may  develop  rapidly  or 
not  at  all  (in  the  latter  case,  the  charge  merely  burns).  Some  deto¬ 
nators  detonate  almost  Instantaneously  no  matter  what  the  conditions. 

Section  6  deals  with  initiation  by  impact;  the  typical  features 
are  as  follows.  The  hot  spots  produced  by  the  blow  are  the  active  cen¬ 
ters;  the  reaction  in  these  spots  goes  to  completion  long  before  the 
blow  is  over,  and  so  it  propagates  into  the  material  with  the  speed 
characteristic  of  .explosions.  These  conditions  are  very  different 
from  these  of  thermal  Initiation;  all  transient  effects  are  restricted 
to  a  thin  layer  of  material  deformed  by  the  blow  and  last  only  a  hun- 
drsd  microseconds  cr  so.  The  subsequent  propagation  is  dependent  on 
the  extent  of  the  process  in  the' primary  layer;  a  powerful  blow  causes 
the  charge  to  detonate,  whereas  a  light  one  may  cause  a  local  spark 
that  dies  away. 
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Initiation  by  a  detonator  was  discovered  by  NOBHj  in  1864;  be 
observed  that  nitroglycerine  or  dynamite  was  readily  caused  to  explode 
completely  by  means  of  a  small  charge  of  jorcury  fulminate.  Sub¬ 
sequent  research  revealed  detonators  even  better  than  mercury  fulmin¬ 
ate;  these  are  principally  certain  inorganic  azides,  and,  in  partic¬ 
ular,  lead  azide,  which  has  largely  displaced  mercury  fulminate.  High 
explosives  with  little  tendency  to  detonate  are  nowadays  commonly  deto¬ 
nated  by  means  of  more  sensitive  explosives  (THN,  hexogene,  tetryl) , 
which  themselves  are  initiated  by  a  detonator. 

'  Much  experimental  work  has  been  done  on  detonators,  but  the  initi¬ 
ation  mechanism  was  long  neglected;  major  studies  have  been  made  only 
since  the  war,  in  particular  by  BELYaKV,  KHARITON,  PJETHOVaiflY,  and 
SEKKHTER  in  the  USHR.  The  mechanism  is  now  considered  to  be  as  follows. 

The  detonator  is  in  close  contact  with  the  charge,  as  in  Rig.  ?&. 

A  shock  wave  starts  to  propagate 
through  the  charge  when  the  detonator 
explodes;  for  simplicity,  we  assume 
that  the  density  and  compressibility 
of  the  two  materials  are  the  same, 
which  means  that  the  speed  of  the  wave 
Fig.  76.  Development  of  does  not  alter  as  it  passes  through  the 

an  explosion  in  a  charge.  interface.  No  detonation  can  arise 

directly  via  the  impact  mechanism  if 
the  initial  speed  of  the  shock  wave  is  below  the  speed  of  sound;  for 
example,  consider  an  .attempt  to  detonate  a  charge  of  trotyl  of  density 
1.60  g/cm^  by  means  of  ammotol  90/10.  If  the  latter  is  used  in  a  dia¬ 
meter  close  to  the  critical  diameter,  the  detonation  speed  will  be  about 
1600  m/sec,  which  is  too  low  to  excite  an  explosion  directly  in  trotyl. 


because  the  speed  of  sound  for  trotyl  of  that  density  is  (according  to 
REMP£L')  about  1900  m/aec;  for  po  =  1.665  (a  .monoorystal  of  TUT),  the 
speed  is  2700-2800  m/sao. 

Of  course,  the  hot  products  from  the  detonator  may  ignite  the 
charge,  and  the  burning  may  go  over  to  detonation  under  favorable  con¬ 
ditions. 

The  following  cases  are  possible  if  the  speed  of  the  initiating 
wave  is  greater  than  Co'  but  close  to  D 

I.  The  shock  wave  cannot  produce  a  self-sustaining  reaction;  it 
rapidly  dies  away,  much  as  it  would  in  an  inert  substance.  The  charge 
does  not  detonate,  but  it  may  be  scattered.  This  corresponds  to  curve 
1  of  Fig.  76. 

II.  The  wave  ignites  the  charge,  and  the  burning  passes  over  into 
a  detonation. 

The  detonation  may  also  be  initiated  directly  by  the  shock  mechan¬ 
ism;  the  shock  wave  travels  at  a  relatively  low  speed  in  the  first  part 
of  the  charge.  The  explosion  is  then  delayed  by  some  microseconds. 

Such  conditions  are  close  to  the  critical  ones,  and,  in  practice,  the 
process  is  liable  to  die  out. 

The  first  necessary  condition  is  then  that  the  initiating  wave 
should  have  a  speed  in  excess  of  some  limit ;  this  is  readily  ensured 
if  the  detonator  explodes  v.ith  sufficient  speed,  as  is  usually  the  case. 
The  second  necessary  §ondition  is  that  the  energy  release  should  be 
sufficient  to  maintain  the  pressure  at  the  front.  The  proportion  of 
the  energy  so  used  has  already  been  calculated  (section  41)  as  a  func¬ 
tion  of  Ip/1,,  (Fig.  71).  The  speed  Dy  of  the  rarefaction  vvave  in  an 
open  charge  is  almost  constant;  £>.,^‘.^5/2,  so  1.  /I.  determines  the 

•d. 

reaction  rate,  other  things  being  equal.'  An  increase  in  rate  reduces 
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I  and  so  increases  the  proportion  of  the  energy  that  is  used  at  the 
P 

front . 

The  for  the  steady  state  is  dependent  on  the  diameters  of  charge 
and  casing.  The  initial  width  of  the  wave  is  very  much  dependent  on 
the  parameters  of  the  detonator;  the  area  of  contact  increases  with 
the  diameter  of  the  detonator,  and  this  has  the  effect  of  increasing  the 
effective  depth  of  the  reaction  zone.  The  detonator  is  most  effective, 
other  things  being  equal,  when  its  diameter  is  the  same  as  that  of  the 
main  charge.  An  increase  in  length  for  a  given 'diameter  also  tends  to 
increase  ,  because  the  layer  of  products  will  tend  to  prevent  ihe 
rarefaction  wave  from  entering  the  reaction  zone.  However,  not  all  of 
the  products  move  along  the  line  of  propagation  of  the  detonation,  and 
the  limiting  effect  is  attained  when  the  length  is  about  twice  the  dia¬ 
meter  (for  open  charges).  That  is,  the  effective  depth  is  propor¬ 
tional  to  the  active  length  of  the  detonator,  1^,  other  things  befing 
equal.  The  duration  of  the  action  also  increases  with  l^,  and  this 
prevents  an  early  fall  in  the  parameters  of  the  Initiating  wave.  , 

The  following  factors  favor  detonation  in  a  charge  of  a  given 
density. 

1.  Smaller  crystal  size.  The  less  the  size,  the  more  numerous 
the  active  centers,  and  the  more  rapidly  the  reaction  goes  to  comple¬ 
tion.  The  result  can  be  a  substantial  Increase  in  the  ease  of  deto¬ 
nation,  as  LEHMAN  has  observed  (section  9). 

2.  Detonator  buried  in  charge.  The  rarefaction  wave  is  largely 
suppressed,  and  the  area  of  action  is  increased. 

3.  Increased  charge  diameter  and  the  presence  of  a  casing.  These 
restrict  the  effects  of  rarefaction  waves. 

If  i®  small  in  the  initiation  layer,  on  account  of  a  low 


reaction  rate,  the  process  at  first  propagates  with  a  reduced  speed. 
Autooatalysis  may  then  raise  the  rate  to  the  normal  detonation  speed 
(case  2  of  Tig.  76),  as  is  often  observed. 

If  the  detonation  rate'  of  a  detonator  of  optimal  length  is  much  in 
excess  of  that  rate  for  the  main  charge,  the  speed  of  the  wave  in  the 
first  part  of  the  charge  (several  om)  may  be  in  excess  of  the  normal 
rate  (curve  3  of  Fig.  ?6). 

The  above  discussion  shows  that  the  detonation  region  is  always 
preceded  by  a  region  of  transient  conditions;  the  length  of  the  latter 
region  is  dependent  on  many  features  of  the  charge  and  detonator.  The 
normal  rate  can  be  attained  almost  at  once  if  conditions  are  favorable, 
especially  if  the  detonator  produces  a  powerful  pulse.  Unfavorable 
conditions  may  cause  the  process  to  die  out,  especially  so  after  the 
speed  of  the  initiating  wave  has  fallen  below  a  certain  limit  (curve  ^ 

of  Fig.  76).  This  becomes  more  likely  as  the  density  increases,,  other 

things  being  equal,  because  «  increases,  and  with  it  .£1  ;  SHFKHTES  finds 

o  ,  F 
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that  an  increase  from  1.4  to  1.6  g/cm  for  retarded  hexoger.e  causes  a 
rise  from  2300  to  2600  m/sec  in  .  (HisJMPili'  gives  &b  about  1000 

m/sec  for  1.6  g/cm^.)  Moreover,  the  proportion  of  air  spaces  decreases 

which  means  that  less  hot 
spots  are  produced  by  the  ini¬ 
tiating  wave.  ibcperiments  in 
fact  show  that  charges  are 
less  readily  .detonated  at  the 
higher  densities,  the  effects 
being  most  pronounced  for 
ammonites . 

The  curve  for  a  decaying 
explosion  has  two  parts.  In 


Fig.  77.  uharge  for  measuring 
1)  charge;  2)  electrical  detona¬ 
tor;  3)  brass  plate;  4)  steel 
plate. 
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the  first,  the  speed  falls  slowly  to  .  £)  ;  this  corresponds  to  a  criti- 

C 

cal  length  1^.  In  the  second,  the  reaction  is  no  longer  excited,  so 
the  speed  falls  very  rapidly;  the  length  corresponding  to  this  part  is 
only  5“'10  Bioi'  It  is  found  that  1^.  increases  with  the  initiating  capa¬ 
city  of  the  detonator  and  also  with  the  sensitivity  of  the  charge. 

These  properties  are  used  in  the  Artillery  noademy  test  for  detonators, 
in  which  is  used  as  the  criterion.  A  charge  of  low  susceptibility 


Fig.  78.  Imp¬ 


ressions  on 


brass  plates. 


(e.g.,  TNT  mixed  with  DKT,  or  ammonium-nitrate 
mixtures  of  high  density)  is  used,  the  length  I 
of  the  charge  being  such  that  <  1.  The  charge 
is  used  as  shown  in  Fig.  77;  the  explosion  leaves 
a  clear  impreasion  on  the  plate  (Fig.  78).  Fig¬ 
ure  79  shows  I.  ^  as  a  function  of  height  of  deto¬ 
nator  for  tetryl  ('d'  a  24.5  ',Po  =1.6  g/cs?; 
after  PJiTHOVSXIY) .  The  limit  is  reached  when 
the  height  is  50  mm,  which  is  about  2.'d 

Figures  80  and  8l  illustrate  the  effects  of 
detonator  diameter  at  constant  weight  (20  gj  tet¬ 
ryl  detonators).  Clearly,  increases  with  cl, 


although  A  becomes  less  than  optimal;  this  shows  that  i  Is  the  more 


Fig,  79,  Relation  of  to  •  Fig.  80.  Relation  of 


height  of  detonator.  to  detonator  diameter. 


imporxant  factor,  being  a  linear  function  of  d ,  As  one  would 
expect,  7'^  Luoreases  greatly  when  the  detonator  is  enclosed  in  the 


t  c  wm 


Fig.  3l .  Helation  of 
to  the  top  line  is 

for  a  detonator  enclosed 
in  the  charge. 


charge . 

44.  Propagation  of  Detonation  Processes 
BhPTHKLOI  and  others  ii:aade  detailed 
studies  for  gas  mixtures  in  I881-189O, 
followed  later  by  DIXON  and  others. 

The  principal  work  in  the  DSSH  has 
been  done  by  DECE2LXIN,  ZEL'DOvICH,  and 
SOKOLIK.  The  results  are  as  follpws. 

1 .  D  varies  from  1000  to  3500 
m/sec,  which  speeds  are  rather  higher 
than  the  speed  of  sound  at  ordinary 
pressures  and  temperatures. 


2.  Z3  is  not  appreciably  dependent  on  the  position  of  the  tube 
(vertical  or  horizontal),  on  the  .material  and  thickness  of  the  wall,  and 
on  the  diameter  (provided  that  this  exceeds  a  certain  limit). 

3.  .D.  is  not  dependent  on  the  initiation  conditions  (open  or  closed 
end  of  tube,  spark  or  flame  initiation,  etc.),  which  affect  only  the 
length  of  the  transition  region. 

4.  ,'D'varies  little  with  the  initial  temperature  (Table  59) »  which 


Table  59 

Effect  of  Initial  Temperature  on 
Detonation  Hate 


CH,  +  .lOi 

^0 

D 

•  D 

a/aeo 

dA«o 

10“ 

.  2821  • 

25.'!  1 

100“ 

2790 

2538 

affects  only  the  ignition  con¬ 
ditions.  The  slight  fall  at 
the  high  temperature  is  caused 
by  the  reduction  in  density 
(the  tests  were  done  at  atmo¬ 
spheric  pressure) . 

5.  ,D  .generally  increases 


3V^ 


with  Pa  (pressure),  slowly  at  low  pressures  and  more  rapidly  at  high 


6.  D' ±B  dependent  on  the  composition;  every  pair  of  gases  has  a 
best  ratio  (the  one  giving  the  highest  D.;  Fig.  82). 
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■2700 

2000 

^^2300 
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mi 


mfmmmwmammmi 


a  w  10  po  so  60  TO  iCtOi 


Fig.  82,  ' A  for  aoatyland- 
oxygen  mixtures  as  a  func¬ 
tion  of  composition. 


Dilution  with  either  com¬ 


ponent  results  ultimately  in  a 
mixture  that  will  not  give  a 
stable  detonation  wave;  for 
example,  one  limit  for  hydrogen- 
air  mixtures  lies  at  "iS.SSS  hydro¬ 
gen.  This  limit  corresponds  to 
D  =  D  .  The  lower  limit  for 

;  B 

ordinary  combustion,  for  com¬ 
parison,  is  4.1%'  hydrogen. 


"imilarly,  the  upper  concent¬ 
ration  limit  for  detonation  lies  well  below  the  upper  limit  for  ignition 
Inert  gases  also  affect  0,  but  the  effects  are  .very  much  dependent 
on  the  nature  of  the  diluent.  For  example,  excess  of  hydrogen  (which 
remains  tinused)  within  certain  limits  actually  inc-reases  0>,  although 
the  temperature  of  the  explosion  is  reduced  (Table  6o) .  The  increase 


Table  60 


is  associated  with  the 


Effects  of  Diluting  Explosion  Mix¬ 
ture  with  Hydrogen 


decrease  in  the  mean  mole¬ 
cular  weight  in  this  case; 
(38»'18)  shows  that, O*  is 
inversely  proportional  to  the 
density  of  the  products,  so 
helium  added  to  +  Og  also 
increases  whereas  an  equal 


molar  proportion  of  argon  reduces  D  (Table  6l),  although  both  gases 

Table  61  affect  the  temperature  id^.. 

Effects  of  Helium  and  Argon  on  Z).;  tically. 

for  Explosion  Mixture  The  theory  shows  that  .D_ 

for  a  condensed  explosive  is 
primarily  dependent  on  Q, 
other  things  being  equal,  al¬ 
though  the  physical  parameters 
of  the  charge  are  important. 
The  major  factors  here  are  the  diameter,  density,  phase  state,  crystal 


r«.»K 

D 

VH.,  +  Oj 

3583 

2819 

{2Hs  -r  0.)  +  3Ha 

3-265 

3130 

(2H,  0-\  -f  5He 

3097 

3160 

(2Hj-rO,)U-3Ar 

3265 

■  !  .)0 

(2H5+0,)  +  SAr 

3097 

size  (for  solids),  and  casing  (if  any).  of  those  determine  whether 


to* diameter  of  charge. 


a  deton -.tior.  will  occv.r  at  ...1.1  ■  -r 
certain  conditions.  Many  studies  have 
been  made  of  the  effects  of  charge  dia¬ 
meter  d ;  BELYAEV  and  BOBOLEV  in  the 
USSS,  and  UOOK  abroad,  have  made  the 
most  systeimatic  investigations.  It  is 
found  that  E  increases  with  d,  up  to 


some  limit  ,d  ,  which  varies  from  one 

explosive  to  another.  Figure  83  shows  the  general  form  of  the  relation. 


Published  results  indicate  that  d,  is  about  30  mm  for  dynamite  and 

,ffl 

cast  TNT,  or  10  mm  for  TNT  pressed  to  a  po  of  1.60  g/cm^.^  Hexoghne 

with  a  po  of  1.0  g/cm^  has  a  :d'  of  only  mm,  whereas  cast  50/50 

ammotol  has  a  d .  of  about  120  mm.  •  No  steady-state  detonation  is  poss- 
m 

ible  unless  d  >  d^;  the  process  simply  dies  away  after  a  certain  dis¬ 
tance.  This  corresponds  to  the  for  the  given  conditions. 

BELYAEV  has  measured  d  for  ammonites,  and  BOBOLEV  for  other  explosives; 

a 

d  and  d,  are  found  to  be  functions  of  density,  grain  size,  and  casing 

'  fn  'e 


3V7 


conditions  even  for  a  given  explosive. 
In  articular,  d ^  ia  very  sensitive  to 


t  sitrata 


Fig.  84.  Belation  of  cri¬ 
tical  diameter  to  composi¬ 
tion  for  ammotcrl. 


'  osition,  as' Fig.  84  shows  for  aaitso- 
tOl  (ammonium,  nitrate  nixed  with  Ti\T; 
after  BELYAUV).  Eere  the  density 

•2 

varied  only  from  O.S^’to  O.85  g/qm-^; 
the  powders  were  sieved  to  give  a  maxi¬ 
mum  grain  size  of  0.4  mm  before  use. 
Clearly,  rises  very  sharply  above 
the  80/20  composition,  although  D  falls 
only  from  13OO  to  1100  m/sec,  betv;oon 


compositions  80/20  and  97/3 •  (She 

•Z 

for  the  pure  nitrate  of  density  0.7-0,8  g/cmr  is  8O-IOO  mm,  and  . 25^  is 

Table  6Z 


Critical  Diameters  for  Charges 


Explosive 

,P,.  ff/cm^ 

Crystal  size,  mm 

‘4*  «  mm. 

■  ^ 

TNT  . 

0.85 

0.2  -0.07 

11.2 

Picric  acid 

0.95 

0.75-0.1 

9.^ 

Solid  nitroglycerine 

1 .00 

0.4 

2.0 

Hexogene  . .  . . 

1.00 

0.15-0.025 

1.2 

TEN  .  .  . .  .  . 

1 .00 

0.1  -0.025 

0.9 

1100  m/sec.)  Table  62  gives  BOBOLEV's  results  for  some  explosives; 
these  relate  to  charges  in  thin-walled  glass  tubes. 

Some  explosives,  especially  ones  very  readily  detonated,  have  very 
small  ■:<t  ;  for  example,  xi;  =  0.05  auu  for  a  stoichiometric  mixture  of 
tetranitropethane  with -nitrobenzene  (HQLBINDEE's  value),  while  BOWDEN 
gives  a  ’d:  \  of  about  20  p  for  lead  azide  of  nearly  maximal  density;  here 

3^^ 


j' 


d:  «  400  H  • 

•-  •  /rt 


Ths  corresponding  D  for  the  last  case  are  2000  and  5500 
m/sec.  The  azide  merely  decomposea  slov/ly  if  <:  d  •  The  c/  fo*- 

*  tC  C 


meter;  effects  of  grain  size. 


typical  hoE;oge-neot.o 
explosives  ai'o  t.uch 
smaller  than  those  for 
compositions  containing 
KH.NO, ,  on  account  of 

4-3 

differences  in  the 
reaction  rates.  The  D 

■C 

for  typical  high  explo¬ 


sives  are  2200-3000  m/sec. 

The  limits  i.  and  d  increase  with  the  grain  size  and  tend  to 

m  ^ 

diverge,  on  account  of  change  in  the  width  of  the  reaction  zone.  This 
trend  is  common  to  homogeneous  and  mixed  explosives.  Figure  85  (after 
BOBOLEV)  gives  some  results.  Curve  3  relates  to  picric  acid  (ip#  = 

0.95  g/cm^,  grains  of  sizes  0.1  to  0.75  mm),  while  curve  4  relates  to 
the  same  material  hut  of  rather  smaller  grain  size.  The  effects  may 
be  summarized  as  follows.  For  picric  acid: 


Grain  size,  mm 

d.  ,■  mm 

-c 

d  ,  mm 

in 

po  .  s/cm^ 

0.1-0.75 

9.0 

17.0  ■ 

0.95 

Small 

5.5 

11.0 

0.95 

and  for  trotyl  (curves  1  and  2); 


Grain  size,  mm 

d  1  rtm 

e 

id'  ,  mm 

m 

Po,  >  s/cm 

0.2  -0.07 

11.0 

30.0 

0.85 

0.05-0.01 

5.5 

_ 1 

9.0 

0.85  ; 

- 1 

it  affeota 


The  grain  size  does  not  affect  the  .ZT  for  a  given, .Po-; 
only  the  rate  of  approach  to  that  limit.  Further,  it  does  not  affect 


These  rules  apply  also  to  mixtures,  out  ai'.d  are  usually  much 
larger  than  for  homogeneous  explosives.  For  example,  3ELY.4f:v's  results 
show  that  even  very  fine-grained  dynamon  (,M%  peat  and  88%  KH^NO^)  gives 
a  that  is  very  much  dependent  on  d/when  the  latter  is  80  mm.  This 
shows  that  many  practical  charges  have  'itf  id  U.  •  ' 

•ffl 

Some  observations  by  FRIEDERICHS  for  TEN  are  relevant  here.  Fine- 

2 

ly  powdered  TEN  was  pressed  (3000  kg/cm  ) ,  and  the  product  was  broken 
up  into  pieces  4-5  nun  in  size,  which  were  packed  into  a  copper  tube 
15  mm  in  diameter  to  a  mean  density  of  0.733  g/cm  •  Here  D  was 
7924  m/seo,  whereas  the  normal  D.  for  that  density  is  only  4740  m/seo. 
Trotyl  and  other  less  sensitive  explosives  do  no't  give  anomalous 
under  these  conditions.  It  is  claimed  that  here  tne  detonation  pro¬ 
pagates  with  the  rate  characteristic  of  the  individual  pieces, ’not  as  a 
continuous  front,  but  this  leaves  the  question  open,  for  TEN  and  hexo¬ 
gens  show  the  effect,  whereas  explosives  such  as  trotyl  do  not.  BOBOLEV 
has  solved  the  problem,  by  applying  XKAEITON's  stability  criteria.  The 
pieces  detonate  independently  if  their  size  exceeds  d-^  ;  then  the  deto¬ 
nation  is  transmitted  from  piece  to  piece  at  a  rate  characteristic  of 
the  density  of  the  pieces.  The  pieces  cannot  detonate  in  this  way  if 
their  size  is  less  than  d'  ,  so  a  continuous  front  is  formed,  and  the 
normal  D  ±b  found.  Now  4  mm  is  less  than  die  ^or  trotyl,  so  t.iis  gives 
no  anomalous  £).  We  would  expect  anomalous  /5  for  certain  detonators 
whose  is  less  than  their  grain  size,  and  FRIEDRICHS  has  actually 
observed  this  for  lead  azide  and  mercury  fulminate  at  medium  densities. 
For  example,  D  is  4423  m/seo  for  lead  azide  of ■  1.60  g/cra  ,  which  is 


almoot  thft  D  for  5-25  g/cm'^  (4500  m/acc)..  ■ 

The  casing  affects  D  because  it  restricts  tjje  lateral  rarefaction 
waves  and  so  favors  complete  use  of  Q  in  the  detonation.  This  would 
indicate  that  the  casing  should  have  a  more  marked  effect  for  an 
explosive  that  reacts  slowly;  in  fact,  it  has  often  been  observed  that 
explosives  baaed  on  ammonium  nitrate  give  much  higher  D  v/hen  they  are 
enclosed  in  strong  casings.  The  casing  has  little  effect  for  a  deto¬ 
nator.  In  general,  the  effect  on  £>  is  appreciable  for  a  high  explosive 
Table  63  only  if  d  and  are  small, 

4 

iiffects  of  Casing  on  D  f  or  Tro-  as  Table  63  shov?s ,  Similar 

tyl  of  Density  1.59  g/cm'^  results  have  been  obtained 

for  pressed  trotyl,  picric 
acid,  end  so  on.  D^YASV, 
B03C1SV,  and  others  have  found 
l).  that  the  strength  of  the 
casing  is  without  effect  on 
D  i.t  d  ■>  .d'^\  2)  that  no  casing  and  no  sine  of  detonating  pulse  has  any  ' 

appreciable  effect  on  the  for  a  given  ft  ;  and  3)  that  and  a  ^  tor 
a  cased  charge  are  much  less  than  those  for  an  open  one,  the  effect 
being  the  greater  the  higher  the  inertial  resistance  of  the  casing. 

This  last  illustrates  the  most  important  aspect  of  the  oe.t  .ng,  although 
the  strength  is  also  important  for  low  explosives.  The  casing  acts  in 
Table  64  much  the  same  way 

Critical  Diameters  for  Ammotol  s.a  an  increase  In 

D  *  B5^YAIir'/  | 

for  example,  that 
the  stable  D  tor 
88/12  ammotol  as 
charges  !p  mm  ±n 


\  Hijcture 

i»n 

^  trotyl.. 

^  oitraio 

■ 

water 

. 

QO  caso 

100 

0 

,  , 

9 

22 

72 

4 

12 

12 

83 

5 

15 

6 

91 

8 

21 

3 

97 

11 

30 

0 

100 

40 

100 

1 

3^7 


diameter  enclosed  in  water  is  165O  m/sec,  whereas  this' 'tj  is  obtained 
with  open  charges  only  when  d--  is  16-17  mm.  Table  64  gives  some  of 
BELYAEV &■ results ;  in  every  instance  the  v/ater  shell  had  a  thickness 
of  2d.  to  Jh,  po  being-  0 ..8-0. 85  g/cia  •  Further,  EEIMAEV  found  that 
ammonium  nitrate  would  detonate  stably  at  a  \d  of  only  7  mai  when  the 
charge  was  enclosed  in  a  steel  tube  of  wall  thickness  2  cm;  here  jD.wsis 


1500  m/sec. 


Only  and  po  affect  D  if  d  ^  d  \  all  other  factors  affect  only 

JB 

the  transient  state.  The  increase  in  D  with  is  at  first  rapid,  but 

Table  65  the  rise  con- 


Helation  of  Z3  to  Charge  Density 


tinues  un  to 


I 


1  '  Florla  »oid 

TS.\  , 

Pis 

hi  d/oal 

D,  n/itt 

pj.a/om3 

D,  ■/■to 

hi 

- 5 - 

Diz/buh 

‘  i 

0.7 

4010 

0.S2 

3040 

103 

5615 

1,06 

2664 

0.97 

4963 

0.69 

4444 

1.22 

6357 

1.18 

3322 

1,32 

6190 

0.96 

5387 

1.37 

970 

2,56 

4-i78 

1.41 

6510 

1.22 

6291 

1,.50 

7418 

3.51 

4745 

1.62 

7200 

1.42 

7373- 

1:62 

7913 

3.96 

5123 

1.70 

7483 

1.68 

7740 

1.73 

8350 

4.05 

5276 

the  maximum  'po' 
attainable . 
Table- 65  gives 
■  FRIEDRICHS 's 
results,  which 
agree  with 


other  findings.  SHEKHTER  has  measured*^  for  trotyl  and  hexogene  (the 


Fig.  86.  Relation  of  D  to  p. 


latter  retarded  by  paraffin 
wax);  Table  66  and  Fig.  86 
give  these  results,  which  fit 
the  relation 

^  =  5  Pi*.  (44,1) 

in  which  B  =  5060  and  ic  s  0.6? 

for  trotyl,  while  5720  and 

o  =  0.71  for  retarded  hexogene 

This  relation  applies  to  many 

) 

other  explosives  over  a  wide 
range  in  ..Oo  •  r^,  close  to 


0.7. 


This  is  an  indirect  proof  of  the  isentropio  expansion  of  the 


J.U  Ow 


Relation  of  D  to  Density  for  Trotyl  and 
Retarded  Hexogena 


j  • 

Ti’oiyl  I  iitxoac-r.D 


h.  g/cn3 

D,  a/aoc 

o,  e/aea 

1.30 

60t>5 

1.25 

■  mo 

]  .35 

621.0 

1..10 

<*-  75 

1  -t; 

6315 

1.35 

6-lSO 

i.-.0 

7315 

1.50 

6610 

1.45 

7470 

1.55 

673.5 

■  1.50 

7640 

1.60 

6960 

1.55 

7820 

1.61 

,  7000 

1.60 

7905 

products  from  con¬ 
densed  explosives 
at  high  pressui'es 
(■p  =  Af  )  i  this 
type  of  law  was 
used  in  deducing 
\;he  equation  of 
state.  The  expo¬ 
nent  is  close  to 
3  if  thw  uf 


'  21.  m/»aa 


(44,1)  is  0.7. 

The  above  relation  between  D  and 
applies  for  any  .d  >  for  homogeneous 
explosives;  mixtures  of  two  components 
give  D.  that  increase  with  ,>'  only  up  to 
some  limit,  beyond  which  there  is  a 
rapid  fall  and  ultimately  a  failure  to 
deconate.  D’AUTRICKS  has  demonstrated 
this  for  oheddite  (Fig.  8?),  and 


to  p  for  oheddite. 


US34hSKiy  and  others  have  done  the 


same  for  c-xploaivea  baaod  on  NK^NO^ . 
The  point  of  maximum  moves  to  higher  p  as  d  increases,  and  the  D 

■feessffig  hift’hgi’.  pTdih  aiae  and  improved  mixing  have 


DublGal  firit;  OdltiiA*  • 


The  effect  is  usually  diso’issed  In  the  specialist  literature  as 

e 

one  specific  to  mixtures,  but  we  shall  see  that  it  is  actually  one  that 
appears  only  when  •d  4  d:^  (the  above  results  are  for  charges  of  this 


3  5^3 


type).  BOBOLEV  and  others  have  found  that  and  decrease  rapidly 
and  become  more  resr'l  y  eqnni  .5  increases  j  Eitj.  38  snows  BEIYaEV's 


iic 
t2 


(Ut  os  W  U  12  U  L4  1,5,  1.6. 

>9#.g/om3 

Pig.  88.  Halation  of  d^ 
to  .po  for  pressed  trotyl. 


results  for  pressed  trotyl-^  in  which 
curve  1  is  for  grains  of  size  0.2-0 .,7  mm 
and  curve  2  is  for  grains  of  size 
0.01-0.05  mm.  Clearly,  is  reduced 
to  a  third  when  increases  from  O.85 
to  1.5  g/cin^;  the  4.^^  for  cast  trotyl  of 
large  grain  size  and  for  liquid  trotyl 
=  1.46,  temperature  100°C)  are  both 
alscut  51  tim.  I'his  i^Taut  incriiase  in  id 


is  directly  related  to  the  lower  sensitivity  of  these  materials. 

The  fall  in  D  when  d  <4.  is  at  first  alow,  but  the  drop  to  D, 
becomes  very  rapid  as  is  approached;  this  is  especially  character¬ 
istic  of  high  explosives  at  the  higher  densities.  This  makes  it  diffi¬ 
cult  to  measure  accurately  by  varying  ,  and  many  of  the  given  in 
the  literature  are  undoubtedly  too  high.  On  the  other  hand,  a  decaying 
explosion  may  be  produced  by  suitable  means  in  a  charge,  whereupon  a 
photographic  recording  will  give  an  accurate  reading  of  the  speed  at 
which  the  detonation  terminates.  This  speed  may  be  t^en  as  ;  a 
charge  of  varying  diameter  is  convenient  for  this  purpose.  £1,'^ 

Increases  somewhat  with  po, ,  on  account  of  the  increase  in  ;c  ;  the 
increase  is  especially  pronounced  near  the  maximum  p^,  and  app¬ 


roaches  Z7 


The  latter  increase  is  not  associated  with  change  in 


iw-  OAJJJ-UaJ.V  OH 


maximum  density;  the  cause  is  that  the  mechanism  of  the  initiation  'a; 
the  front  is  altered..  The  hot  spots  are  the  most  important  wh,en  .p,,, 
is  small,  on  account  of  the  numerous  pores  and  points  of  friction, 


whereas  the  medium  becomes  more  nearly  homogeneous  as  the  maximum 

is  approached.  Here  the  temperature  rice  px-oduced  by  the  shook  wave 

is  important;  the  adiabatic  compressibility  of  an  explosive  is  low 

(comparable  with  that  of  water),  so  the  temperature  needed  to  initiate 

and  complete  the  reaction  in  a  short  time  is  attainable  only  from  a 

shock  wave  much  stronger  than  that  needed  for  lov/  'p^.  ■ 

For  example,  if  we  take  the  compression  zone  for  hexogene  to  be 

10  ^  cm  wide,  which  implies  that  the  zone  is  acted  on  by  the  wave  for 
-10 

about  10  sec,  we  find  that  the  temperature  must  be  1000-1 100°K. 

Rough  calculations  show  that  this  temperature  can  be  produced  in  a 
Bitonocryatal  only  by  a  wave  whose  D  exceeds  6000  a/aoc  . 

BELYAEV  has  observed  a  different  relation  1- tween  and  p^^  for 
mixtures  containing  KH^NO^;  'd’^  inoreasos  with  p^  ,  expeolally  for  high 
. .  Figure  &9  gives  results  for  80/20  ammotol  and  for  dynamon  CS3%  . 
(te.^aa  KH^NO^  and  125^  peat).  Here  d,e 

becomes  70  mm  even  when  p^  is  only 
1 . 2  s/oar  ( curve  1 ) ;  the  rise  is  very 
pronounced.  On  the  other  hand,  ammo- 
tol  80/20  (curve  2)  show's  coffipara- 

li.ttle  effect  from  p^  •  Fig-' 
ure  90  shows  the  effect  observed  for 
mixtures  containing  more  TNT  (50/50 
mixture ,  components  passed  through  a 

No.  16  slave).  The  behavior  up  to 
.  3  .  .  - 
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dynamon . 


consisting  largely  of  NH^NO^,  whereas  it  becomes  as  for  TNT  and  other 
homogeneous  explosives  at  higher  densities. 

The  shape  of  the  curves  in  Fig.  8?  can  now  be  explained.  Clearly^ 


Fig.  90-  Relation  of 
to  pp  for  50/50 
aatmotol. 

D  can  increase  no  further. 


it  is  easy  to  ensure  that  d,  d  for 

hoDiogeneous  explosivoa  at  all  densities, 

so  0  is  found, to  increase  with  pg  .  The 

same  should  he  found  for  d  sufficiently 

large  for  mixtures;  if  it  is  not,  and 

the  curve  has  a  peak  instead',  this  means 

that  d  >  only  for  the  lower  densities, 

as  Fig.  91  shows  schematically.  ■  Eore  ,D 

increases  with  f‘  until  p,  is  reached,  at 

.n 


which  point  d  •  ut_. 

fit  ^ 


and  d.^  to  diameter  of  ex¬ 
perimental  charge 
(schematic) .. 


dg.i  then  conditions 
become  less  favoi'able ,  and  at  some  point 
Thereafter  there  is  a  fall  until  th.e  point 
p.  is  reached:  hare  d.  a  rd.  ,  and  a 
charge  of  any  higher  density  cannot 
be  detonated. 

This  shows  that  the  relation  of 
D  to  Pg  must  be  as  for  a  homogeneous 
explosive  provided  that 'id'  > 'd  ;  Fig. 
92  (after  PETROVSKIY)  demonstrates 
this  lor  i-iflimotol  90/10  (uncased 
charges;  components  passed  through  a 
ho.  38  sieve).  Ulearly,  there  is 


no  tendency  for  D  to  fall  as  fg  increases  if  d  is  kO  mm. 

Effects  of  other  comnonents.  Combustible  organic  and  inorganic 
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;  ,,00- - and  on  th.  .noioedve. 

■  - example,  D  for  hoxo^’cne  | 

A200  -■=  --  j_g  reduced  appreciably  by  5%  I 

m - -  ,  •  ■  I 

i  paraffin  wax  (from  7900  m/s&a  | 

40w  j  I  ^  a 

'  ■  .  /.30  ■  IM  ISO  1.60  j6.,s/aay  .  .  *.  .,  /  3  I 

- .  ■■  '  “  .  for  pure  hexogene  at  I.50  g/cm  | 

Fig.  92.  fielation  of  D  to  for  to  762iO  m/seo  for  the  retarded  i 

aamotol  90/10.  material  at  the  same  density).  | 

On  the  other  hand,  3“5%  of  « 

beeswax  or  paraffin  wax  increases  the  f>  for  mercury  fulminate  somewhat.  | 

The  reasons  are  as  follows.  ■  The  Af for  the  products  from  mercury  ful-  j 

minate  is  very  lare,o{  the  pax'Affin  reduods  A/ and  increases  the  volume  1 
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Fig.  92.  fielation  of  2>  to  >(,  for 
ammotol  90/10. 


Table  6? 

Effects  of  Other  Components  oh-  D  for  Trotyl 


Trotyl; . 

trotyl' +  NaCI  . 
75%  ■  -  .  +  26%  BaSO. 

85%  '  .  +  15%  BaSO; 

74%  ..  +26«  AI  .  . 


D,  b/i*o 

1.81 

6850 

1.85  ■ 

6010 

2.02 

6640 

132  ■ 

6690 

130 

6630 

of  the  products, 
so  2>  increases, 
although  the  energy 
release  is  somewhat 
lower.  On  the 
ctS'ntr  .hsads,  tSi®  . 
effect  in  the  case 


of  hexogene  is  largely  one  of  reduction  In  Q. 

AS  a  rule,  an  inert  diluent  tends  to  reduce  Z>,  though  not  as  much 
as  one  might  expect  from  the  reduction  in  Q,  as  Table  6?  shows.  large 

amounts  of  naCl  and  BaSO^  have  little  effect  on  i);  these  diluents  act 
mainly  as  mechanical  ouft'  acles  to  the  trenemi  c?;-:.-.-  .jf  Imi-  '.’“iromtior:. 
through  the  mixture.  Even  aluminium  has  this  effect  on  trotyl,  although 
it  increases  Q  by  up  to  iiO%i  the  effect  is  very  much  the  same  as  that 
of  BaSO^^. '  The  reason  is  that  the  aluminium  reacts  slowly,  and  most  of  ■ 


the  reaction  occurs  in  the  zone  affected  by  the  rarefaction  wave,  so 
the  extra  energy  is  net  available  to  the  detonation  front. 

Two  detonation  rates.  It  has  long  been  known  that  liquid  nitrates 
(nitroglycerol,  nitroglycol,  methyl  nitrate)  can  detonate  at  t.'o  very 
different  rates.  The  higher  one,  which  corresponds  to  Q,  usually  occurs 
when  d  is  large  and  the  initiating  pulse  is  strong;  here  D  is  6OOO-80OO 
o/sec.  The  lower  D.  (about  I5OO  m/sec)  occurs  when  d  is  small,  but  it 
can  occur  when  d  is  large  if  the  Initiating  pulse  is  weak.  Again,  a 
narrow  tube  connected  to  a  wide  one  at  first  gives  the  high  1)' when 
the  wave  enters  it,  but  the  speed  suddenly  drops  to  the  low  'D  after  a 
oertain  distance.  Mecent  work  has  shown  that  this  effect  is  not  con¬ 
fined  to  liquids;  it  can  occur  also  for  solids  ±t';d  is  close  to  dj., 
BOHOLEV  has  observed  the  low  D for  powdered  nitroglycerine  and  picrio 
acid  Ui^der  these  conditions,  while  LAir/EENCSf  has  found  that  the  small  i). 
increases  aa  po,  decreases  (the  large  Z)  increases  with  po ) .  HATNEH  has 
demonstrated  that  the  effects  are  not  associated  with  modifications  or 
isomeric  forme  of  the  compound. 

TSIBUL'BKIY  has  found  that  two  distinct  Values  of  Z> can  occur  for 
explosives  based  on  nitroglycerol,  the  strength  of  the  initiating  pulse 
being  the  decisive  factor.  The  high  Die  6OOO-8OOO  m/seo,  and  the-  low 
one  up  to  3000  m/sec  Each.  .Of  these  Z7.  has  been  measured  as  a  function 
of\d,;  each  has  its  own’?,,..  The  same  effect  has  been  observed  for  D5 
dynamite  for  id'  ^  20  mm,  9nd  for  BIS  dynamite  for  18  mm.  The  high 

ZJ.'does  not  occur  for  emallv d  no  matter  how  strong  the  detonator. 

Tho  low  D'i's  wssnciate'’  wJtn  inoo.:»ilete  decomposition  (with  a 
reduced  Q,,) ,  as  analysis  of  .the  products  has  shown. 

45.  Initiation  and  Reaction  Keobanisms  for  the  n.-^tonation  Front 

The  relationships  demonstrated  above  are  very  much  dependent  on 

3^^ 


the  reaction  conditions  at  the  front.  '  's  very  difficult  to  exarine 
the  kinetics  of  the  reactions,  and. little  is  known  at  present.  The 
ignition  conditions  in  a  detonation  wave  in  a  gas  are  very  much  as  for 
Ignition  by  adiabatic  compression ;  the  reactic-'  is  produced  directly 
by  the  sharp  rise  in  temperature.  The  pressure  at  the  front  in  a  liquid 

5 

explosive  is  usually  somewhat  over  10  atm,  the  temperature  being 

900*-1000^K.  This  is  sufficient  (see  section  10)  to  cause  the  reaction 

to  go  to  completion  in  the  compressed  zone  even  when  no  air  bubbles  are 

present;  the  time  needed  for  complete  reaction  in  typical  high  explo> 

“*6  "7 

sives  is  10  to  10  '  sec. 

The  conditions  at  the  front  is  a  solid  are  not  essentially  differ¬ 
ent  from  those  produced  by  mechanical  shock,  apart  from  the  much  greater 
rate  of  deformation}  the  stresses  are  extremely  high,  and  intensely 
heated  spots  appear,  which  act  as  reaction  centers.  The  number  of 
these  centers  is  much  larger  than  that  produced  by  an  ordinary  blow. 

A  solid  (pressed)  material  is  more  readily  detonated  than  the  same  mat¬ 
erial  in  the  liquid  state;  the  difference  in  the  critical  diameters  is 
a  result  of  the  higher  temperatures  and  more  numerous  reaction  centers 
in  the  solid. 

The  reaction  conditions  in  a  detonation  wave  are  very  much  depen¬ 
dent  on  the  composition  and  physical  properties  of  the  explosive. 

KHASITOif  considers  that  the  mechanisms  may  be  divided  into  impact,  bal¬ 
listic,  and  mixed  types.  A  mechanism  is  of  impact  type  if  the  material 
is  compressed  and  heated  before  the  reaction  occurs;  in  this  case  the 
material  is  homogeneous,  and  the  reaction  occurs  throughout  the  volume 
of  the  material  in  the  reaction  zone.  This  mechanism  is  character¬ 
istic  of  gases  and  of  bubble-free  liquids;  the  reaction  time  W  may  be 
deduced  as  follows.  The  shock  wave  brings  the  material  almost 


(45,1) 


instantly  to  tlie  state  represented  by 'p.  and  .T;.  ,  and  so 

I  .  T;  )=-ip 

in  whicb  w  is  the  reaction  rate.  •  This  formula  is  not  generally  app- 
lisable,  on  account  of  lack  of  data  on  the  kinetic  characterietlos  of 
the  explosive  for  detonation  conditions. 

The  ballistic  mechanism  is  one  in  which  the  products  are  formed  by 
the  burning  of  individual  particles;  the  reaction  occurs  only  in  the 
surface  layers  of  the  burning  particles.  The  combustion  process 
resembles  that  of  gunpowder  grains  confined  in  a  closed  space  and  so 
is  also  called  explosive  burning.  .  This  is  the  basic  mechanism  - 
homogeneous  solid  explosives;  the  gaseous  products  from,  the  active 
centers  engulf  the' grains,  which  burn  rapidly  at  theaei  high  temperatures 
and  pressures.  The  number  of  active  centers  increases 'as  the  gralh 
size  decreases,  while  the  mean  burning  time  for  a  particle  decreases, 
so  the  reaction  zone  becomes  narrower;  the  result  is  that  and 
decrease. 

Consider  the  simplest  case  (a  monomoleoular  reaction) ;  here  the 

rate  w  is  given  as  a  function  of  T  by 

"WsaZe  I  (45,2)  . 

I  11  14-  “I 

in  whioh '2  is  10  to  10  sec  .  If  the  reaction  were  isothermal, then 

'  (45,3)  • 

but  the  high  reaction  rate  makes  the  process  adiabatic.  The  resulting 

increase  in  temperature  raises  the  reaction  rate,  and  so  on.  The 

theory  of  explosions  for  gases  (section  51)  shows  that,  under  adiabatic 

conditions,  _  _ _ 

,j  "  '  1  /fT-J  i 

in  which  f,.  is  a  temperature  close  to  the  reaction  temperature.  Now 


3Cc> 


is  related  to  t:  by 


and  so  we  have  that 


d„ 


(45,5) 


■  ZETt 

in  which  D  applies  for  the  density  used. 

A  rise  in  density  raises  the  detonation  pressure,  which  intensi¬ 
fies  the  local  heating}  moreover,  an  increase  in  density,  resulting 
from  increased  forming  pressure  is  associated  with  a  reduction  in  par¬ 
ticle  size.  This  size  affects  and  more  noticeably  at  the  lower 
densities,  though. 

The  reaction  time  for  explosive  burning  is  simply  the  time  for  a 
single  particle  to  burn,  which  is 

=  (45*6) 

in  which  21.  is  the  diameter  of  a  grain  and  .'o,- is  the  linear  burning 

rate.  Then 


D 


(45,7) 


pressure  for  relatively  high  pressures. 

The  mixed  mechanism  occurs  when  the  reaction  involves  tv/o  or  more 
substances  not  in  molecular  contact;  it  is  characteristic  of  hetero¬ 
geneous  systems,  especially  solid  ones.  KHAKITON  considers  that  the 
reaction  here  occurs  only  at  the  interfaces,  but  it  is  difficult  to 
suppose  that  the  original  components  react  directly,  the  more  so  since 
they  are  solid.  The  most  likely  sequence  for  explosives  of  dynamon 
type  is  as  follows. 

1.  The  nitrate  decomposes  to  produce  oxidizing  agents}  the  pri¬ 
mary  reaction  here  appears  to  be  ■  ' 

2NH4NO,  — *•  4HjO  +  Nj  +  2NO  +  29.2  .  w, 


3^/ 


2>  The  other  components,  or  their  decomposition  products,  react 
with  the  NO4  most  of  the  heat  is  produced  in  this  stage,  and  this  heat 
serves  to  accelerate  the  reactions. 

It  is  essential  to  mix  the  components  thoroughly  in  order  to  ensure 
that  the  reactions  occur  rapidly  and  completely.  Failure  to  do  this 
may  retard  the  reactions,  especially  those  in  stage  2,  which  in  practice 
means  incomplete  oomhustlon  (the  products  contain  oxides  of  nitrogen  la 
large  amounts). 

The  idg  of  an  ammonite  increases  rapidly  with  ,  which  implies 
that  the  reaction  rate  falls  as  increases.  The  rate' limiting  step 
is  the  decomposition  of  (The  effect  io  even  more  pronounced 

for  pure  ammonium  nitrate.)  BOBOLEV's  observations  on  for  ammotols 
containing  much  TNT  may  be  explained  as  follows.  The  rate  of  deoom> 
position  of  the  NE^NO^  remains  high  while  >p^  and  are  low,  so  the 
reaction  sequence  is  basically  as  above;  but  the  reaction  with  the  TNT 
becomes  the  primary  step  at  higher  densities,  the  second  step  being 
decomposition  of  the  NH^^NO^  (in  part  caused  by  the  first  step)  and 
reaction  between  decomposition  products.  The  entire  prooess  requires 
a  special  study,  especially  as  regards  the  decomposition  kinetics  of 
ammonium  nitrate  at  high  pressures. 

All  of  the  above  schemes  for  detonation  processes  fall  within  the 
framework  of  the  hydrodynamic  theory,  because  it  is  assumed  that  the 
initiation  and  propagation  of  the  reaction  arS  directly  associated  with 
the  passage  of  a  shock  wave.  .  APIN  has  taken  a  very  different  view  on 
this;  he  considers  that  the  detonation  in  a  condensed  explosive  pro'^- 
pagates  by  a  jet-breakdown  mechanism.  The  layers  ahead  of  the  reaction 
zone  are  assumed  to  be  broken  down  and  ignited  by  the  reaction  products, 
the  prooess  being  assisted  by  pores  in  solids  and  by  bubbles  in  liquids. 
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The  detonation  rate  la  then  the  speed  of  the  reaction  products  in  the 
material. 

This  meohanisin  would  appefcr  not  to  be  characteristic  of  detona** 
tiona,  for  a  detonation  is  readily  transmitted  through  a  layer  of  metal, 
water,  eto.|  no  ignition  by  hot  gases  is  possible  here,  and  the  shock- 
wave  meohanism  must  be  operative.  One  may  presume  that  the  same  app¬ 
lies  when  there  is  no  layer  of  metal,  the  more  so  because  the  strength 
(l.e.,  the  initiating  oapaolty)  will  be  greater  in  the  absence  of  the 
barrier.  All  the  same,  APIN' s  mechanism  may  apply  to  a  charge  con¬ 
sisting  of  fairly  large  pieces  of  explosive;  but  here  we  do  not  find 
the  usual  relation  of  to  . 

It  may  be  tnat  APIN's  mechanism  corresponds  to  burning  at  compara¬ 
tively  low  rates;  '.^e  flame  penetrates  through  the  gaps,  the  burning 
front  ceases  to  be  straight,  and  the  process  is  not  truly  steady. 
Unstable  burning  of  this  type  may  pass  over  into  detonation  under  cer¬ 
tain  conditions . 

Methods  of  Measuring  Bates  of  Explosion  Processes 

Methods  for  this  purpose  are  now  fairly  well  developed;  the 
various  types  of  apparatus  may  be  divided  into  two  groups.  The  first 
group,  covers  various  types  of  chronograph  and  oscillograph  (instruments 


! 
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method  of  measuring  a 
detonation  rate.. 


for  measuring  short  times).  A  chrono¬ 
graph  records  the  time  taken  for  the 
process  to  pass  between  fixed  points, 
which  gives  the  ‘mean  speed  oetween  the 
points.  The  second  group  covers  various 
types  of  optical  recorder.  If  the  proi- 
cess  does  not  of  itself  emit  light,  use 
is  made  of  the  effects^ on  the  light 
from  an  accessory  source. 
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Optical  methoda  have  certain  advantages;  in  particular,  there  is 
no  lag  in  the  recording,  and  there  are  no  transducers  to  introduce 
errors.  .  IThe  recording  is  continuous,  so  the  instantaneous  speed  can 
be  measured.  On  the  other  hand,  recent  pulse  oscilloscopes  can  measure 
speeds  over  distances  of  only  a  nillimater  or  two,  which  is  very  diffi¬ 
cult  to  do  photographically. 

No  special  equipment  is  needed  in  the  chronograph  method;  Fig.  93 
illustrates  D'AUTHICEE's  system,  in  which  the  speed  is  compared  with  a 
known  and  constant  speed  of  detonation,  which  acts. as  the  time  source. 
The  charge  is  made  up  as  a  cylinder  ^O-kO  cm  long  contained  in  a  metal 
tube.  The  detonating  fuse  (about  1  m  long)  Is  inserted  at  two  fixed 
points  a  and  b,  which  are  10-20  cm  apart.  Sometimes  the  ends  are 
fitted  with  detonator  capsules.  The  middle  is  fixed  to  a  thin  lead  or 
brass  plate.  Aline  K'is  marked  exactly  at  the  center.  The  charge 
is  fired  with  a  detonator  and  ignites  the  fuse;  the  detonations  from 
the  two  ends  meet  at  a  point  Ki.  somewhat  to  the  right  of  Xi.  This 
point  Xi|  is  readily  visible  on  the  plate. 

Let  ,D'  be  the  detonation  rate  of  the  fuse,  and  let  the  time  (,;■ 
for  the  detonation  to  reach  Xi  along  the  path  s/CXi  from  a  be 

A  if  I  h  •  ■  / 

5zr“t"c^'  ,  •  ' 

in  which  'Li  is  the  length  of  the  fuse  and  ilt  is  the  distance  XKi .  Let 


,j  be  the  detonation  rate  for  the  charge;  then  the  time  for  the 

detonation  to  reach  K.^  along  the  path  ab^u  is 

f.  _  /  ,  i  a"  i 

But  ,  so 


h  l  h 
D'  D'  ' 


whence 


.  2A.  *  (^ )  1 ) 

I  ‘ 

The  errors  are  governed  by  the  variation  in  D.*  and  by  uncertainty  in  \h 


and  '/i.  The  maximum  relative  error  in  is  given  by 

d\nD=‘d\nl+d\viD'  •^d\x\h. 

The  dei'ivative  ia  . . 

dD  i-d  d/y  dii\ 

D.'  is  known  toM.^2^:  I  (commonly  200  mm)  is  measurable  to  1  mm 
(greater  accuracy  is  not  possible,  as  the  explosive  may  penetrate  into 
the  recesses).  Then 

The  iA!  for  a  given  I  Is  dependent  on  ;  ,h:  n  \./2  if  they  are  equal, 
so  I  K  200  mm  and  h  a  100  mm.  The  measurement  of  h  ia  not  very  accu¬ 
rate,  because  the  marks  are  not  very  olear  and  the  center  of  the  fuss 
may  not  be  located  exactly.  The  probable  error  is  dh/h,  a  2%,  and  so 
the  maximum  error  is  . 

^«i:(2+0.5-t-«  =  ±4.5»/o.  ' 

This  result  is  in  agreement  with  experiment,  which  indicates  that 
the  average  error  is  about  1^6  and  the  maximum  about  596,  This  sub¬ 
stantial  range  of  error  has  sometimes  been  overlooked,  as  in  FSISDSICES's 
measurements  on  the  variations  in  D. 

The  above  method  is  simple  and  convenient;  moreover,  it  is 
directly  applicable  to  charges  as  actually  used,  which  is  often  not'so 
for  other  methods.  The  main  disadvantage  is  that  the  error  is  rela¬ 
tively  high,  particularly  in  view  of  the  fact  that  only  a  mean  speed 
over  a  fair  length  (some  30  cm)  is  obtained. 

A  pulse  oscilloscope  can  be, used  for  the  same  purpose,  which  pro- 

••8  “7 

vides  a  very  precise  time  measurement  (error  only  10  to  10  '  sec). 

Tho  simplest  form  of  detector  is  provided. by  two  leads  inserted  in  the 
charge  and  connected  to  a  charged  capacitor.  ^he  detonation  wave  acts 
as  a  conductor  and  so  produces  at  the  first  detector  a  pulse  that  serves 
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to  trigger  the  beam;  the  second  detector  deflects  the  beam.  The  trace 


Fig.  94.  Pulae-oscllloscope  system  for 
measuring  Di  l)  and  2)  detectors;  3) 
charge;  4)  detonator;  £}  to  trigger; 
7)  to  deflection  system;  fCi;  and  t7|Ti 
capacitors. 


on  the  screen  is 
photographed,  together 
with  the  time  marks . 
(Figure  94  shows  the 
circuit,  and  Fig.  95 
shows  a  typical  res¬ 
ult  . )  Then  D  is 
deduced  from  the 
length  I  on  the  trace 
corresponding  to 
given  time  marks; 


in  which  \L  is  the  distance  between  the  detectors  and  is  the  time 
taken  for  the  wave  to  pass  between  them,  M. being  a  scale  factor  for  the 
trace. 


The  error  can  be  diminished  by  using  a  spiral  time-base,  which 

enables  one  to  measure  '{> 
very  precisely  even  when  ,L 
is  only  10-20  mia. 

Optical  methods  have 
been  used  extensively  in 
studies  on  processes  that 
accompany  detonations  1 
The  path  traversed  is 

^is>  95*  Oscillogram  of  a  detonation 

recorded  as  a  function  of 

process. 

time  is  recorded  on  a  film;; 

the  film  may  move,  or  the  image  stay  be  swept  over  it  by  a  mirror. 
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ELeotron-optical  converters  may  be  used.  Moving- film  systems  are 

divided  into  drum  and  disc  types;  in  vhe  first,  the  film  is  held  on 

the  outside  or  inside  of  a 
rotating  drum  (Fig.  96),  or 
on  a  rotating  disc  in  the 
second  type. 

She  lens  2  forms  an 
image  on  the  drum  3i  whose 
speed  is  measured.  Let  us 
assume  that  the  detonation  front  acts  as  a  luminous  point;  if  the  drum 
were  not  rotating,  the  image  would  trace  out  the  line  A'B''  as  the  front 
passes  along  AB,  If  the  drum  turns  with  a  surface  speed  0,  the  image 
traces  out  a  curve  A’R'C'i ,  which  will  he  a  straight  line  if  is  con¬ 


stant.  Then  the  speed :£>  at  a  distance  \  from  the  start  is 


D. 


iL 

it 


(^,2) 


The  projection  of  the  corresponding  part  of  the  curve  on  the  6ji\  axis 
is  A'B"]]  from  Fig.  96, 


in  which  p  is  the  magnifioation  (usually  p  <  1 ) .  The  distance  moved 
through  by  the  film  (speed  v)  in  the  time  t  corresponding  to  1  is 

Then  dl.  and  are  inserted  in  (46,2);  p  and  t)  are  constants,  so 

Z3  =  £upip;,  w=a2*/’rt,  (46,3) 

in  which  fis  the  angle  as  made  by  the  tangent  at  iB’ ,  n  is  the  radius 

cf  the  drum,  and  n  is  the  angular  speed;  the  slope  is  found  by  dividing 
'P;  by  ;r.  if  .D/ls  constant. 

The  front  is  not  a  point,  so  the  line  is  broad;  the  tangent  cannot 
be  drawn  very  eva.ctly.  The  error  can  be  minimized;  by  restricting  the 
width  of  the  luminous  spot  with  a  slit,  which  may  be  inside  or  outside 
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the  recorder,  e.g.,  at  the  surface  of  the  charge,  but  in  that  case  it 
is'  damaged  by  the  explosion  and  must  be  replaced  frequently.  More¬ 
over,  it  reduces  the  light-gathering  power  of  the  objective  very  much. 
An  internal  slit  is  placed  directly  above  the  surface  of  the  drum;  it 
has  none  of  the  disadvantages  of  the  other  slit.  On  the  other  hand^  ft 
is  0.05  to  0,23  for  most  such  recorders,  which  is  a  major  disadvantage, 
because  a  charge  100  mm  long  produces  a  trace  3~25  ma  long;  no  very 
exact  measurements  of  change  in  'D  can  be  made. 

Moving-film  systems  have  the  disadvantage  that  the  linear  speed  is 
low;  the  film  on  the  outside  of  a  drum  cannot  be  driven  at  more  than 
100  m/sec,  on  account  of  breakage  under  centrifugal  forces.  Speeds  of 
200  m/sec  are  attainable  with  the  film  inside  the  drum,  but  then  the 
drum  must  be  very  carefully  balanced,  the  system  must  be  evacuated,  and 
so  on.  Higher  speeds  are  not  accessible,  because  the  emulsion  starts 
to  flow  under  the  centrifugal  forces. 

The  maxlmiun  relative  error  is  given  by  as 

I 

i  dO  ,  [  ,  dr  ,  da  ,  2d<p  \  ' 

'  ■TT  =  -  \T  ~  liiTSf  j  • 

The  factor  that  contributes  most  to  the  error  is  0 ;  the  error  is  znini- 
mal  if  ”  1.1  ^ut  this  is  very  difficult  to  ensure  for  drums.  For 

example,  ^  »  1/33  if  ^  >  7000  m/eeo  and  10  e  200  m/sec;  this  iS  not 


✓ 
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Fig.  97.  '.Optical  system  of  a  mirror 
recorder:  I)  charge;  2)  and  4) 
lenses;  3)  slit;  5)  rotating 
plane  mirror;  6)  films. 


usable,  because  it  demands 
charges  of  length  1  m  or 
mora.  This  shows  that  drum 
recorders  are  best  used  with 
slow  processes,  e.g.  burning. 

Heasonable  values  of  p 
are  0.25  to  0.5,  so  /)p/v.  =  1 
implies  that  v'  is  to  be 
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2000-3000  m/eec.  .  These  speeds  are  attainable  with  a  mirror  system 
working  into  a  fixed  film.  The  principal  units  are  the  optical  system, 
the  synchronizing  unit,  and  the  sweep  device.  The  optical  system  (Fig. 
97)  consists  of  two  lenses  having  a' common  focal  plane,  which  provides 
a  large  radius  of  sweep  and  high  image  intensity  if  lenses  of  long 
focal  le|ugth  are  used.  Moreover,  the  charge  can  then  be  placed  well 
away  from  the  front  lens.  The  full  aperture  of  the  first  lens  is  used 
only  if  all  the  light  entering  it  passes  to  the  second  lens  and  thence 
to  mirror. 

A  slit  placed  in  the  common  focal  plane  of  the  two  lenses  restricts 
the  width  of  the  image.  The  mirror  is  front-surface  silvered  and  is 

made  of  thick  glass  or  metal 


Fig.  98.  Mirror  synchronizing  unit; 
1)  and  2)  transformers;  3)  rheostat; 
4)  rectifier;  5)  aapaoitor;  6)  dis¬ 
charge  gap;  7)  synchronizing  disc;. 
8)  mirror;  9)  detonator;  10)  re¬ 
sistor. 


in  order  to  prevent  distor¬ 
tion  at  high  speeds.  The 
synchronizing  unit  (Fig.  98) 
±8  used  to  start  the  deto¬ 
nation  when  the  mirror  is  in 
a  specified  position.  The  . 
rectifier  4  charges  the  cap¬ 
acitor  3;  the  spark  gap  6 
breaks  down  when  the  mirror 
is  in  the  required  position, 
and  the  current  from  the 
capacitor  runs  to  ground 
Disc  7  is  rigidly  coupled 


via  the  synchronizer  disc  7  and  detonator  9. 
to  the  mirror  8,  The  axis  of  the  mirror  is  parallel  to  the  charge. 
The  voltage  (3-5  kV)  at  the  capacitor  is  adjusted  by  meeriR  of  the  rheo 
stat  in  the  primary  circuit  of  the  transformer. 


The  angular  speed  of  the  mirror  must  be  measured  in  oi'der  to 


determine  the  linear  speed  of  the  sweep;  the  measurement  should  be 
marie  to  or  better.  This  speed  «  is  rolatod  tn  ■  r.  litf'/dt  (Fig.  99) 

by  ,u==(0i/?=i'2ay?,  ,  because  (^=>29';  then 
(A6,3)  gives  us  that 

I  rt  ifiJin 

in  which  tan  9  is  the  slope  of  the  tan¬ 
gent  and  '4Kjif/p  is  a  constant  of  the 
instrument ,  which  may  be  denoted  by  C- 
Then 

D^C  n 

For,  example,  we  may  have 'i?  as  I.3  m, 

P  as  1/2  or  1/3,  and  n  as  6000  rpm,  in 
which  case  0  s  IS90  sy^seo;  this  is 

very  much  larger  than  the  maximum'  speed  available  from' a  drum  recorder. 
Moreover,  ^  is  comparatively  large,  so  the  error  of  measurement  is  much 
less;  instantaneous  speeds  can  be  measured,  and  changes  occurring  in 
distances  of  1-3  cm  are  detectable  1  A  charge  only  100  . mm  long  is  quite 

sufficient . 


ray  from  a  rotating  plane 
mirror . 


The  maximum  error  is  determined 
as  for  drum  recorders;  the  result  for 
a  steady  process  comes  out  as  iO.Sji, 
and  for  a  process  of  variable  speed  as 
+2.3^.  Figure  100  shows  a  recording 
for  a  hexogene  charge;  the  rate  is 
clearly  constant . 

The  rotating-mirror  system  has 
Fig.  100.  Detonation  of  other  advantages,  be  cause  it  enables 

a  hexogene  charge.  one  to  combine  a  variety  of  methods, 
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e.g.  for  effects  that  do  not  produce  light  (for  example,  the  fligljt  of 
fragments  an'^  '•  motion  of  shock  waves  transparent  media).  The 

TOPLSR  effect  is  used, 
as  shown  in  Fig.  101. 

Any  perturbation  in  an 
optically  homogeneous 
medium  causes  a  change 
in  the  refractive  index. 
The  light  from  the 
scurco  1  forms  a  real 
image  at  the  lens  3  after  reflection  at  the  mirror  2  if  there  is  no 
perturbation;  the  result  is  a  uniformly  Illuminated  circle  on  the  film 
A  perturbation  6  in  the  AB  plsne  defleots  the  rays;  the  knife- 
edge  4  is  placed  in  the  image  plana  in  order  to  reveal  this  perturb¬ 
ation.  This  edge  blocks  out  the  rays  and  prevents  them  from  reaching 
the  film,  which  results  in  an  image  of  the  perturbation.  (The  lens- 
holder  has  the  same  effect  if  the  deviation  is  very  great.) 

The  perturbation  may  not  cause  the  deflected  rays  to  be  out  off; 
instead,  it  may  render  the  medium  opaque.  The  result  is  then  a  shadow 

t 

of  the  perturbation.  This  image  may  he  restricted  by  a  slit  as  In  the 
method  above,  and  the  mirror  may  he  rotated,  in  which  case  the  film 
records  the  position  of  the  pertvirbatlon  as  a  function  of  time. 

The  light  may  be  provided 
by  an  exploding  wire ;  SOBOLEV 
has  made  a  detailed  study  of  this 
The  light  may  be  collected  by  a 
high-aperture  lens  instead  of  by 
a  spherical  mirror.  Figure  102 


Fig.  102.  (}ptical  system  with 
rotating  mirror. 


Fig.  101.  Recording  by  means  of  trans¬ 
mitted  light:  1)  source;  2)  spherical 
mi,rrorj  3)  lens;  4)  knife-edge;  5) 
film;  6)  object. 
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illustrates  t'le  use  of  a  mirror.  The  detonation  and  the  flash  from 


the  wire  are  synchronized  electrically  to  t-he  rotation  of  the  mirror. 

■  Very  hij.’h  recording  speeds  are  aocessible  with  electron-optical 

converters;  Fig.  103  shows 
COUETWEY-PJRATT's  system. 

The  line  AB  is  the  image  of 
the  slit  placed  directly  by 
the  charge;  this  gives 
rise  to  a  line  on  the  fluo¬ 
rescent  screen.  The 
position  of  this  inage  line 
is  oontrolled  by  a  magnetic 
dfiflseting  system.  As  the 
luminous  point  moves  along 
the  line  AB,  the  vertical 
magnetic  field  (whose 
strength  varies  linearly  in 
time)  produces  a  deflection; 

4 

the  result  is  an  image  line  whose  slope  is  directly  related  to  the  speed 
of  the  luminous  point.  The  slope  of  the  line  relative  to  the  vertical 
axis  AB  is  given  by 


Fig.  103.  ta.ee tron-optioal  converter 
used  to  photograph  an  explosion:  1) 
detonator;  2)  charge;  3)  slit;  4) 
aafoty  glaso;  5)  plane  mirror;  6) 
lens;  7)  sensitive  screen  in  con¬ 
verter;  8)  deflecting  device;  9) 
electron  lens;  10)  fluorescent 
screen;  11)  camera. 


I  Cp  I 


or 


ft  ■ 


in  which  v  is  the  transverse  speed  of  the  electron  beam  at  the  screen 
when  the  luminous  spot  is  stationary.  The  image  line  is  recorded  by  a 
normal  camera. 

BOWDEN  and  JOFFE  have  estimated  the  time . resolution  of  this  system 
as  10”^  sec,  although  BUTSLOV  and  FANCHENKO's  theoretical  study 


-1 4 

indicates  that  a  resolution  of  10  sec  should  be  accessible. 

A  majoj.'  advantage  of  the  system  is  that  it  needs  no  synchronizing 

unit  or  special  detonator.  Electron-optical  converters  may  be  used  to 

8 

record  fast  processes  generally;  rates  up  to  10  frames  per  second  are 
accessible,  although  the  total  number  of  frames  is  not  large.  SIMONOV 
and  KUTUKOV  have  been  able  to  record  6-10  frames  each  with  an  exposure 
of  0.05  to  0.5  psec  by  means  of  a  special  pulse-shaping  circuit. 
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CHAPTER  IX 


INITIAL  PARAMETERS  OF  A  SHOCK  WAVE  AT  AN  ILTEIFACE 

A?.  Reflection  of  a  Shock  Wave  at  a  Rigid  Plane  Wall 

The  pressure  exerted  by  a  shock  wave  on  a  barrier  can  bo  connidcr- 
ably  in  excess  of  the  pressure  at  the  front,  on  account  of  the  reflec¬ 
tion.'  The  following  is  IZllAYLOV '  s 
treatr.ont  of  the  refleccion  of  a  plane 
steady-state  shock  wavo  by  a  ri;/id 
barrier.  The  state  of  the  gas  at  the 
wall  ahead  of  the  incident  wave  is  speci¬ 
fied  by  po  ,  po- ,  and  w  =  0;  the- state 
behind  the  incident  front,  by  pi,  p,  , 

Fig.  104.  Reflection  cf  and  f.’i  ;  and  that  behind  the  reflected 
a  shock  wave  by  a  rigid  fi-o  ,  by  p^,  p.,  .  nd  u  =  0  (the  wail  is 

plane  wall;  4)  paths  of  fix  >.  Figur.-.  ..cows  the  situation 

gas  particles;  5)  inci-  in  (i,x)  coordin,  n  ^wliich  the  various 

dent  front;  6)  reflec-  zones  are  denote;.  . y,  I,  and  2  . 

ted  front.  The  reflected  wave  isu.it  be  ste.auy  if 


the  incident  wave  is.  There  is  a  st... 
nation  region  («  =  0)  between  the  reflected  wav,:  .av.d  ih.e  wall;.  thi;; 
means  that  the  gas  must  acquire  a  speed  u*  equal  in  aeuac  Vrat  oppo¬ 
site  in  sign  to  'Ur ,  so  the  condition  for  the  wall  to  fixed  i.:. 

■ ,  Ui  —  ft,  =  0.  ■  (  •';.>,! ; 

•  j  ► 


Best  Available  Copy 
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The  basic  relations  for  shock  waves  give  us  that 


/(/»!  —Po)  (®o  —  =■  / (Pi— Pi)  (Vi  —  'Z'j)'. 

in  which  s  =  l/jfi  ;  than  ■ 

'  P}—Pil(l  .  Pi Pi  — Pi  (\ 

Po  \  til  Pi  \  PJ 


(47,2) 


(47,3) 


'  HUGOKIOT's  equations  for  the  two  waves  determine ;  pi, /po .  and  ps./|pi,  for  a 
polytropio  gasi 

Pt,  (*  —  !)/),  -!-(*+  Dpo  ’  I 

(47,4) 


Pi  _  (*4^1)/’l  +  (*’-^)/>o  ■ 
Pt  (>t  —  UPi  +  (>t+^)Pt’ 
Pi  _  (*  +  !);>»  +  (*  — 1)  Pi 
Pi  “  (*~l)Pl-t(A  +  l)jPl  • 


Lot  P,:/Pt  s  'Iti;  and  jp^/pi  —  icj  5  ’  then  (47,3),  with  i  po/p,  and  ,  pi/pj. 
inserted,  becomes 

'  ‘  :  (*  +  !)«*  +  (*— 1)  ■  i4f  ,5) 


and  so 


If  /?n  »  pp 


>  .  ;>i  - 

i  *  Pi  (ft  —  1 )  Pi (*  4' ) )  ’  ’  ■ 

Pt  __  3ft- 1 

^“Tirr- 


(47.6) 


and  so  pj  «  8,p)j  if  A  »  1.4;  further,  (.47,6)  gives  us  the  ratio  of  the 


excess  pressures  as 


Pi  —  Po  1  I  2ftpi  , 

Pi-Po  *"^(ft-l)p,  +  (ft  +  l)p«' 


(47,7) 


If  (pi .  -  Pt)  «  'Pt,, 

Pi—Pt^2(p,—pt), 

which  is  the  result  found  in  acoustics. 

V/e  may  put  (47,6)  in  the  form, 

‘  _ _ I  ^ApifPi  — Poj 

in-Pi  .  +  +  (47,8) 

The  incident  pressure  is ' p,  ,  so  the  second  term  on  the  right  in 
(47,8)  represents  the  pressure  resulting  from  the  motion  pf  the  medium 
behind  the  incident  front.  Here  (47,2)  and  h)  give  us  that 


Pi  po~\  P«!  [i  4-  i/^i  +(ft-V  ] • 


(47,9) 
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This  (p/:  -  po  )  is  auhetltuted  into  (47,8)’ to  give 


Pt~Po^(Pi-pi)+■^  P.**I [  1  +  ( 1’  +  |/^1 

The  speed  Dt\  Of  the  reflected  wave  ia 

-hUi. 

This,  with  (47,2),  (47,4),  and  (47,6),  gives. us’  that 


1 


(47.10) 

(47.11) 

(47.12) 


while  (47,4),  with  the  pt  of  (47,6),  gives  us  that 

iia»— ■■  .  ^ 

M  .  (*  — i)Vi+A  ’  '  (47,13) 

which  means  that  pt/p,.  =  3*5  k  »  1.4  if  pi’  »  po  and  that  pj./po  »  21 

I  j 

this  shows  that  the  density  is  very  mucih  increased  by  the  reflection.. 

i  _  ' 

Figure  10^  gives  results  for  an  ideal  gas  for  various  jh.)  the 


Fig.  105*  Relation  of  ja)  the  pressure  ratio,  H)  the  density 


ratio,  and  .«:)  the  temperature  ratio  for  the  reflected  wave  to 
the  pressure  ratio  for  the  incident  wave. 


results  apply  to  air  for  The  ..parameters  of  the  reflected  wave 

should  be  taken  as  initial  ones  if  the  wave  is  not  steady. 

The  problem  becomes  much  more  troublesome  if  any  attempt  is  made 
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to  allow  for  the  variation  in  the  specific  heat  with  temperature. 

The  problem  is  also  more  eomplioated  if  .po  (the  angle  betwoen  the 
incident  front  and  the  wall)  is  not  zero.  I  shall  consider  the  problem 

for  an  ideal  gas  only.  The 
waves  are' as  shown  in  Pig.  106; 
the  parameters  in  region  0  (in 
front  of  the  wave)  are  denoted 
Fig.  106.  Oblique  incidence  of  a  by  subscript  zero,  and  so  on. 

shock  wave  on  a  rigid  wall:  4)  in-  A  moving  coordinate  system  is 

oident  front)  3)  refleotad  front.  used;  the  intersection 

between  the  wall  and  the  wave 

is  taken  as  being  at  rest.  The  Velocity  of  the  gas  is  denoted  by  q 


Fig.  107.  Reflection  of  an  obliquely  incident  shock  wave  at  a 

rigid  wall . 


(Fig.  107);  then 

(47,14) 

The  components  normal  and  parallel  tb  the  front  are  respectively 
Di  and  f>i'/tan  fg. ;  q  changes  in  magnitude  and  directidn  as  the  front  is 

traversed,  but  the  parallel  component  is  not  affected,  because  all 

* 

forces  are  normal  to  the  front.  The  normal  component  falls  to 

-  uip ,  because  the  medium  behind  the  front  moves  with  a  speed  Ui, . 


Then 


Ua9  u 


(47,15) 


The  angle  beti-'oan  Qa  and  .qi  is  O';  the  flow  near  the  wall  must  be 
parallel  to  the  wall,  so  q%  must  be  turned  through  an  angle  '0  in  the 
reverse . sense .  This  applies  if  the  reflected  front  passes  through  0; 
in  general,  9a.  /  90,.  Further,  is  defined  by  the  fact  that  the  com¬ 
ponent  parallel  to  the  front  remains  unchanged  (Fig.  10?); 


'  glC08(<fi+(l) 

f*  coi 


Hera  ^  is  given  by 


— 6)  = 


0^ 

Oj 


or 


But 


so 


T»  ' 


r  h'‘ 


The  qf  ,  Pf  ,  and  !%/*  for  adjacent  regions  are  related  by 


®o(a— /’o)  =  !7o(7o  — 7i). 

vAPo—Px)  =  qi  (<7i— <>o). 

(Fa  — Fi)  =  ?i(?i— ?a). 
Vt{px—p%)^qt(qi--qx). 


(47,16) 


* 

'  “"(Vo  — K)  Po  • 

(47,17) 

“"'To  Pi' 

relate 

p  and  V  for  adjacent  regions; 

!  Vo 

(*  +  l)/>i4-(A-l)/»o 

(47,18) 

Vi 

(A-l)/»i  +  (*+l)Fo 

3. 

.  (*  +  l)y7,  +  (*-!)A 

Vt 

(*-i)Ai  +  (*-ti);»i' 

(47,19) 

(47,20) 


which  define  the  A  further  condition  is  that 

'qi>Xqt  =  0,' 

which  implies  that  q't  is  parallel  to  qi  .  We  can  put  (47,20) 


(47,21) 


37f 


(»0  —  {Pi  —  Po)  ==  {^0  -  =  «'f- 

(®i-®a)(A— ^i)  =  (71-70’“  (47,22) 

(*'i  +  »0(^a-A)=»7i-7a. 


This  system  of  equations  is  readily  solved,  but  the  results  are 


cumbrous i  I  give  merely  some  final  results  in  COURANT  and  FEIEDKICH's 


form: 


(-i)' 


(Tj—  1)^; 


i  +  1 +!**«»+(’'» +1*“)  4 

*1  \  *1  / 

—  (^0  "-<()■*»  0. 


(47,23) 


(47,24) 


(47,23) 


4='»“?o.  4‘=»'“9»  H 

Now  (47,25)  gives  two  values  for  /j’  (namely,  ta4  and  :ta.,  )  .for  any  given 
TTj  and  .<0,,  and  also  the  corresponding  quantities  'ffg+,  and  Rj.  .  Figure 
108a  shows  9j  as  a  function  of  fc  for  various  Ri  (  Fig.  lOSi  shows  Ri 


Fig.  108.  Halation  of  a)  to  90  and  i)  r»  to  <?o  • 


3  3^ 


as  a  function  of  po;  for  several  ni  .  The  difference  between  ■U2.^  and 

increases  as  and  itj  decrease;  1:2+  becomes  much  larger  than  tho- 

1:2  for  9o-=  0.  This  implies  that  11,2-  is  the  more  probable  value,  which 
corresponds  to  ti-  • 

The  lower  branches  of  the  curves  of  Fig.  108a  imply  that  <?s  <  cj. 

if  .90  in  small;  zi.  at  first  falls  as  90  increases,  but  regains  the 

initial  level  when  =  9^ •  A  notable  point  here  is  that  90’  is  inde¬ 
pendent  of  itj.;  90,  =  '92  when  ’90  =  9d**  This  9^*  is  given  by  (47,25), 
with  =  ti  t 

( I — v-y “H  ^5)' = 

or 


! 


i 


SO 


A-1 


This  means  that  ip*  «  39°14'  for  air.  Again,  (47,24),  with  to, 
shows  that  xct  regains  its  initial  value  when  ‘Po<C9o*' 

( 

The  solution  is 


4  1 


+  (*’  +  «>  • 


(2|xH-l)r=,-na 

or 

... 

*  (A-l)ni  +  (A  +  l)  ■ 

Further,  becomes  somewhat  larger  when  .90  >  9*;  this  is  true, 
however,  for  4  =  1.4  for  wi  7-02  (fairly  weak  waves).  This  y/.  is 
almost  the  limiting  angle  for  regular  reflection  if  sj.  is  large,  so 
such  a  wave  cannot  give  a  nj  greater  than  that  for  90  =  ■(?• 

The  regular  reflection  described  by  the  above  relations  is  not 
possible  for  all  ?o  but  only  for  ,9o-<9o/»  ,  in  which  is  dependent  on 
?ti  j  the  limit  can  bo  found  from  the  condition  that  (47,25)  must  have  a 
real,  root  /j  for  given  ij  and  m  .  Now  M  •=>"0  if  it,  =1,  and  (47,25) 


33/ 


givcB  uo  that  ti  -  4  ,  v.o  <fom  =  90°, 


sure  ratio  for  incident  wave; 


1)  no  regular  refloction;  2) 
regular  reflection  possible. 


which  is  CO  for  sound  v/avoo.  'i'iior. 
9o»..<  90°  if  ~i>l  (  A/>0). 
Figure  109  shov/s  90, n  as  a 
function  of  the  pressure  ratio 
for  the  incident  wave. 
Irregular  (MCK)  reflection 
occurs  for  i  the 

speed  of  the  reflected  wave  is 
greate'r  than  that  of  the  inci¬ 
dent  wave,  because  the  forsisr 
travels  through  gas  heated  by 
the  latter  [the  reflected  wave 


is  not  appreciably  retarded  by  the 


flow  behind  the  incident  front  v/hen 
.9p  is  largo,  since  Fig.  10?  shows 
that  the  component  of  the'  x'low 
speed  behind  that  front  parallel 
to  the  reflected  front  is 
«i  oosC  9o  +  92)].  This._mfian£i 
that  the  reflected  wave  meets 
the  incident  wave  at  some  dis- 


Of  a  shock  wave  from  a  rigid 
walls  1)  reflected  wave;  2) 
incident  wave;  ;})  head  wave; 
4)  contact  discontinuity. 


tanca  from  the  surface;  the 
result  is  a  nev'  wave  (the  head  or 
MACH  wave).  ■  fhere  is  also  a 


contact  discontinuity,  v/hich 

separates  regions  differing  in  densit/  and  temperature,  but  identical  in 
pressure  and  flow  speed  (Fig.  110).  STANYUKOVICH  and  COURAKi’  have 
made  detailed  studies  of  this  type  of  refloction. 

The  principal  feature  of  Interest  hero  is  the  ratio  pc./pi  ,  which 


varies  with  <fa.  although  .iti  is  constant;  for  90  — 0  , 

£■  —  — 

Pi  (*— l)Pi  +  (*-f-');>o  ■ 

This  Kj  at  first  docroases  as  90  increases  in  regular  reflection,  hut 
it  regains  its  initial  value  when.  90  =  <fom  ,  and,  if  ci  is  eraall,  then 
somewhat  exceeds  the  initial  value.  No  such  increase  occurs  in  i-lACH 
reflection;  tcj  .  for  the  head  wave  approaches  one  as  .90  tends  to  90°, 
because  the  wave  slides  along  the  surface  instead  of  being  reflected. 

These  various  forms  of  reflection  must  be  considered  in  order  to 
estimate  the  loads  that  may  act  on  the  wall  and  also  to  determine  the 
pressure  at  the  front  from  experimental  measurements  of  the  force.  A 
single  shock  wave  can  appear  to  give  a  variety  of  pressures  at  equal 
distances  from  the  source,  because  the  disposition  of  the  instruments 
affects  the  result.  Allowance  must  be  mado  for  the  angle  of  incidence 
at  the  mounting  of  the  instrument;  the  calculation  becomes  very 

troublesome  if  allowance  must  be  made  for  flow  around  an  obstacle  com- . 

parable  in  size  with  the  depth  of  the  wave. 

48.  Initial  parameters  of  Shock  Waves  Produced  by  Efflux  of 

Detonation  Products 

A  shock  wave  is  generated  when  the  products  from  a  detonation 
escape  into  any  medium;  the  products  themselves  may  contain  a  shock 
wave  or  a  rarefaction  wave.  These  shock  waves  may  be  examined  if 
their  initial  parameters  are  known. 

A  shock  wave  is  generated  when  the  detonation  wave  reaches  the 
interface  between  the  charge  and  the  medium;  the  parameters  of  this 
wave  are  determined  by  those  of  the  detonation  and  by  the  mechanical 
characteristics  of  the  medium.  The  effect  on  the  products  is  depen¬ 
dent  on  the  pressure  difforcnco  at  the  interface;  if  p;  ^  px  (in  which 
p,-  is  the  pressure  at  the  detonation  front  and  is  the  preosuro  at 


the  interface),  a  reflected  shock  v/ave  will  occur  in  the  products,  A 
rarefaction  wave  arises  in  the  converse  case. 

There  is  no  general  analytic  relation  for  the  compressibility  and 
density  of  an  arbitrary  medium,  and  so  there  is  no  genorpl  means  of 
deducing  which  type  of  wave  will  arise  in  the  products;  but  it  is  often 
possible  to  make  the  deduction  for  particular  oases.  For  example,  a 
reflected  shook  wave  will  occur  if  the  medium  is  much  more  dense  than 
the  products  (at  the  front);  a  rarefaction  wave  will  occur  if  tho 


reverse  is  the  case.  A  reflected  wave 
metals,  while  a  rarefaction  wave  occurs 
densed  explosive  enter  air,  water,  etc. 
the  two  densities  are  similar. 

The  parameters  of  a  wave  generated 
from  the  laws  for  waves  in  the  products 
in  a  medium  in  contact  with  a  charge, 
hare  are  that  the  pressure  and  velocity 


Fig. 111.  Determination  of  the  ini¬ 


tial  parameters  of  a  shock  wave 
^Pa  <  Pi  '^‘  Baref action  wave; 

2)  interface;  3)  shock  wave. 

at  the  interface  is- 

»»  =  «/  + Ml. 


occurs  if  the  products  strike 
if  the  products  from  a  con- 
A  special  study  is  needed  if 

at  an  interface  may  bo  derived 
and  from  the  laws  for  shock  waves 
Additional  conditions  imposed 
must  be  continuous  across  the 
interface.  Consider  a 
plane  detonation  wave  inci¬ 
dent  nor.ually  on  an  inter¬ 
face;  there  are  two  cases, 
namely  c  p,-  and  >  p..  . 
Figure  in  shows  the  pres¬ 
sures  a)  not  long  before 
the  v/ave  {pa  ^  Pi  )  strikes 
the  interface  and  b)  shortly 
afterwards.  The  condition 

(40,1) 


in  which, «*  is  the  speed  of  the  interface  and  u^.  is  the  chan£;e  in  the 


speed  of , the  products  in  the  rarefaction  wave.  The  latter  is 
'  •  Pi.  ■  ”» 


“‘=  I  f  V-clpdv, 


(43,2; 

■.  «» 

in  which  p  is  density  and  t  is  the  speed  of  sound  (for  the  proaucts; . 
The  relation  of  pressure  to  density  for  the  products  is 

in  which  fe  =  ^  for  high  explosives  of  po.  greater  than  one,  and  a  is  a 
constant , 

Then,  for  a  strong  detonation  wave. 


;  “'“I+T- 


C/=s 


kP 

it-f  1  • 


*  +  l  .  PoO» 

Pi=”  If  Po  .i  Pi=  • 


(46,4) 


k-i 


»-i 


We  may  find  Ui  from 

We  insert  P  and  c  in  (46,2)  to  get  that 

Pi  ■  U 

..-.Pi’’  ,  /Pm^^r 

'  {piJ 

/• 

But  kpi  /  fij  =  c’,  and  .Cj-  =  *•£)/(*  l),  so 


tt,  = 


2kD 

*j_  1 


(48,5) 


or 


—  ■5Trr(‘^* — ^»)*  (46,6) 

The  «r  of  (48,5)  and  the  «{',  of  (48,4)  are  Inserted  in  (48,1)  to  give 
us  that 


A+l 


2k 


k—\ 


-m 


aA 


k48,7) 


Kow  the  speed  u'  of  the  medium  behind  the  shock  wave  is  . 

«'  =na  =  Y(px—pt>)  (■Uuo  — I'oa),  (46,8) 

in  which  and  Vaa  are  the  specific  volumes  of  the  medium  on  the  tvjo 


sides  of  the  shook  wave  and  po'  is  the  pressure  in  the  roedium  ahead  of 
the  shook  wave.  Equations  (48,7)and  C4S,8^  define  the  initial  para¬ 
meters  of  the  wave  completely  if  ..the  equation  of  state  is  kno’.vn. 

If  the  products  escape  into  a  vacuum,  Pai  =  0  ,  so 

“  Won  =  _  J  D, 

Then  =  ZJ,-  If  fe'  *  3>  so  the  efflux  speed  carinot  exceed  D.  Of 

course,  this  result  does  not  correspond  to  e;iperiencej  in  fact,  the 
leading  section  of  the  products  escapes  with  a  speed  of  almost  2D  into 
a  vacuum,  and  with  a  speed  in  excess  of  D  even  into  air,  although  (^8,7) 
implies  that  .u^  <  Dj  if  >  0*  reason  for  this  discrepancy  is 

that  cannot  be  taken  as  3  If  P»,  is  less  than  20-30  thousand  kg/cm  . 

We  shall  see  below  that  the  initial  Pa  is  of  ths  order  of  if -the 
medium  is  dense  (water,  soil,  etc.),  so  (^,7^  then  describes  correctly 
the  behavior  of  the  products  in  those  media. 

If  we  assume  that  the  detonation  is  instantaneous,  C^,1),  with 
gives  us  that 

Mj)  ==  a,  ,=  “  O' 


in  which  Cii  is  the  speed  of  sound  in  the  products;  then 


‘-(0 


27/ 


k-1 

iHf 


mi'  ''  J.  '  ^ 

in  which  p^v  is  the  pressure  in  the  products.  But  a  =  DZk/2{k  +  l)y  , 


(48,10) 


For  a  vacuum,  p^.  »  0,  so 

*-l  V  5"(/S'+'l)'  ’ 

which,  with  ‘A'  =  3,  gives  us  that 

M„=,5|/*|r==0'.61Z?. 

This  is  substantially  below  the  found  for  actual  detonations. 


38^ 


Now  I  oonsidar  the  case  p^,  >  />;■;  Fig.  112  ehowe 


Fig.  112.  Determination  of  the  initial  para> 
meters  of  a  shook  wave  >  pj)j  l)  inter¬ 
face;  2)  detonation  wave;  3)  reflected 
shook  wave;  4)  shook  wave. 


the  pressure  imme¬ 
diately  before 
and  immediately 
after  the  wave 
reaches  the  inter 
face.  Here 
there  is  a  ref¬ 
lected  shock  wave 
in  the  products 
(because  p®  >  ,p; ) 
and  a  shock  wave 


in  the  nsdiun.  The  condition  at  the  interface  is 

—ttu  (43, n) 

in  which  is  as  shown  and  'ui',  is  the  speed  of  the  products  behind  the 

reflected  shock  wave;  the  latter  is  given  by 


a,«V(pi,— p.)(x/i  — w*),  (43,12) 

in  which  ,'d  is  the  specific  volum'  of  the  products  at  the  front'  of  the 
detonation  wave  and  is  the  same  for  the  reflected  wave.  Then 

9. 

(43,3)  transforms  HUGONIOT's  equation  to 

V.-.  “  (*  +  i)P.  +  (*-i)p, ■  “  (*  +  i)>'  +  (A-r)  ’  (43,13) 

in  which  '«,»  p^/pi' 

V/e  transform  (43,12)  to 


in  which  we  insert  the ' of  (43,13)  to  get  that 

■  a»  =  /2pjWj.  . 

Then  (43,4)  gives  vfs  that 


Y2p^v^<=>J^Y^Ii  ; 


an 


W©  s'u’ostitut©  for'  u-  and  tii.  from  (46,11)  to  get  that 

IPurtbor,  behind  the  ahooh  wave  in  the  external  medium 

a*  Urn I  (43,15) 

in  which  .po,  is  the  pressure  (usually  atmospheric)  .ahead  of  the  shock 
wave;  and  ,vi„:  are  the  specific  volumes  of  the  medium  ahead  of)' and  . 

behind  that  wave.  But  ‘po<C/>». »  ap  ,/>.o  neglected,  in  which  case 

(43,15)  becomes 

,  Ua l^iP» (®ii 0  —  *)  *  16) 

Equations  (43,14)  and  (43,15)  ser'i^a  to  define  the  initial  para- 

I 

meters  if  the  law  of  compression  Is  known.  Approximate  solutions  for 


oerttiu  asdls  ara  given  below* 

Absolutely  rigid  wall.  Here  ■  .0;  then  (43,14)  is  solved  for 

as  ...  • _ 

I  5a4-»  +  '/i7ft»+ii+T 

:  (43,1?) 

This  I*  varies  little  with  ■*;,  being  2.60  for  the  limiting' ease  , if.  =  1, 
2.42  for  lA'l  o  1.4,  2.39  for  4  =  5,  and  2.28  for  'k-*oO'  (the  root  w.^l 
for  any  4  is  physically  meaningless).  The  :>»./?<  *  ^i/^a'  S^ven  by 

(48,15)  as  _ 

■4-L1  („  =  2.60)  ^  =  2,60;"  ! 

■  fi’  '  i 

iA«1.4  (it  =  2.42)  i£  =  l,85: 

/>i  ■ 

4  =  3  (it  =  2.39)  ^«’==.1.33: 

Pi. 

U-i'Oo  (it  =  2.28) 


Then  (48,13),  with  the  ,1:  of  (48,1?)  gives  us  that 
i  8*^ + 2*  4- 1  +  (4  4- 1)  i?Fa'  -I-'  2k + 'i " 

’  Pi  ,  0A»—  1  +  (4 -  1)  y  1741  -j-i'ii  +  1'  ’ 


(48,18) 


The  initial  speed  of  the  reflected  wave  is 


This  zaay  be  put  as 


We  insert  the  v„/viy  of  (US,13)  and  use  the  relations 

to  get  that. 

Then  ■  “O.31  for  ./s  «  1  and  it!  «  2.60,  -0.78  for  /i  =  3  and  “=  2.39i 

and  -1.28  for  k-^oo  t  that  is,  D^±a  very  much  dependent  on  A:,,  but  it 
is  not  very  much  dependent  on  ic!  if  k  takes  a  fixed  value  oloae  to  3* 
as  the  following  values  .for  k  a  3  show: 

i  ff.  1.5  0.65.-. 

It  =2.0  .^  =  — 0.74-  , 

It  *2.4  .^  =  —0.77 

This  fact  enables  us  to  measure  \k;  in  terms  of  the  speed  of  a  shock  wave 
reflected  from  a  dense  medium. 

This  measurement  is  one  of  some  importance,  because  we  have  as  yet 
no  accurate  method  of  measuring  the  pressures  produced  in  detonations 
and  in  the  reflection  of  detonation  waves.  Kinematic  measurements  can 
be  made  accurately,  and  these  give  us  As:,  which  enables  us  to  calculate 
the  parameters  of  a' detonation  wave  with  reasonable  precision. 

There  is  a  small  rise  in  the  entropy  of  the  products  when  the 
wave  is  reflected,  which  is  caused'  by  the  small  pressure  change  in  the 


1 

I 


3^7 


reflected  wave.  We  have  that  before  reflection 


const; 


and  after  reflection 


5»  =  In  const. 

The  entropy  change  is  then 

,  i.S=S„-St==in  = 

This  T)  is  given  by  (W.l?)  and  (k8,l8)  as 


5A+14-'/l7*»-f  2A+l'  r  9A»-  1  +  (A  -  1)  17*S  +  2*  +i 

T)  4*  ■  '  " 

*=>3 


1* 


[  8A‘  +  2*  +  1  +  (*  +  1 )  /  i 

1)  — 1.08, 
tl=1.00. 


Thus  AS  is  negligible,  so  we  can  perform  the  calculation  for  the  ref¬ 
lected  wave  aa  for  a  set  of  sound  waves.  Here  the  EIEMAUN  solution 
gives  us  that 

'  du^=tcdlttp.  ^  .  •  (43,20) 

The  isentropio  law  gives  us  that 

3 

p  ~  c^, 


so  (43,20)  becomes 
The  integral  Is 


or 


At  the  wall 


so 


sss  *4-  -  ■  I 


“T*  ~u  l"  (^09  “^^Cj 

-  »».  —  e  •  O' 


cw-Cf-i — 

!  3« 

P_p  _  /  Pa  /  <!a 

•  Af,j  Vci.j 


3^^ 


(43,21) 


We  substitute  for  Ca 


and  Ci 


in  the  last  expression  to  get 


pgj 

Pi 


/a*— usCT 
I  2A  j  • 


The  acoustic  theory  gives  us  that 


For  ii.-  a-  3 , 


Ui~Ci  +  U„-C„ 

•i 


5lt  —  3 

Tcft+T) 


A> 


(48,22) 


^ - 4 - 0.75. 

These  results  are  very  close  to  the  exact  ones. 

The  theory  enables  us  to  determine  the  initial  conditions  at  the 
contact  between  two  oollldin£(  bodies  (even  liquid  or  solid  ones); 
STAI^yOKOVICK  explains  this  by  saying  that  the  formulation  of  the  cv.n- 
servation  laws  for  the  instant  of  collision  is  not  dependent  on  the 
phase  states  of  the  bodies.  Moreover,  no  forces  have  yet  arisen 
within  the  bodies  when  contact  has  just  bean  made;  the  contact  gives 
rise  to  shook  waves. 

Let  subscript  i  and  a  denote  the  parameters  before  impact,  primes 
and  subscripts  1  and  2  denoting  parameters  after  the  impact.  Con¬ 
sider  a  coordinate  system  in  which  the  second  medium  is  at  rest;  then 
the  interaction  is  one  between  the  first  medium  and  an  initially 
motionless  barrier.  The  relative  speed  of  collision  is 


=  (48,23) 

in  which  U«.  is  positive  if  the  tWo  media  move  in  opposite  senses  and 

negative  if  they  move  in  the  same  sense  (the  condition  for  collision  is 

then  «,-,>«»  ).  The  speed  of  the  'interface'  is  then 

\  ui  <B>u{  =U{<x  —  ul  (48,24) 

and 

p-  .=pi  , 


s<f/ 


(48,25) 


The  speeds  of  the  media  behind  the  shook  waves  originating  from  the 
point  of  contact  are  givej. 

■y  r=V(p‘  —p^)izu-rVl  )  =  Un  —  Yip'  —pt){Vi  —  v\~), 
in  which  p.  is  the  initial  pressure;  p,  p'  if  the  speed  of  col¬ 
lision  is  high,  so 


Let 


and 


Than 


60 


or 


a'  =y  p> ,(®.  —  ®a^  ,)  =  Mj  1  —Yp'  {vi  —  v{  ). 

'  «<?.  -- 


p.1 


(48,26) 


(48,27) 


/  P»  «1  . 

ST  y  P(  a,  ’ 


the  ratio  of  speeds  being 


w 


(48,28) 


1  +  l  Xil  iL 
K  Pi  *1 

This  last  defines  the  speed  of  the  interface;  the  other  initial 
parameters  are  readily  found  in  terms  of  a',  ;ai  ,  and  is  -  For  example, 
(48,27)  defines  the  initial  pressure  at  impact,  while  the  speeds  of 
the  waves  are 


D't  ,=  ■^%1> 

a'  ■  ' 


The  p'  of  (48,27)  then  gives  us  that 


-I  “  "“i  ■  “ 

—  apE^  “'TT'' 


(48,29) 


«i  «» 

The  equations  of  state  (or  of  compressibility)  are  needed  in  order  to 


find  Oi  and  ttj. 


3f^ 


Equations  (48,2?)  and  (4-8,28)  enable  us  to  relate  iW;  ^  to  p': 

/ 

P 


Pa  “l  I  - 


(48,50) 

A  general  relation  between  density  and  pressure  for  liquids  and  solids 
(not  porous)  is 

=  -l].  (48,51) 

in  which  .4(5)  is  a  function  of  the  entropy;  n  may  be  taken  as  constant 
over  a  wide  range  of  pressures.  The  change  in  ,5  consequent  upon  impact 
can  be  neglected  if  the  speed  of  impact  does  not  exceed  a  few  km/sec; 

/ 

then  (48,31)  is  the  equation  of  isentropy  for  a  solid  or  liquid. 

Methods  are  available  for  measuring  /|  and  A\  n  =  k  for  some  metals, 
which  agrees  with  JEMSEN'a  result,  We  can  calculate  A  from  TAT^'s 

adiabatic  equation  of  state  for  liquids  and  solids: 

1  ■ 

which  has  the  integral 

But 


(/■8,32) 


(48,33) 


so  (48,32)  may  be  put  as 


! _ l_  \  _I  - 

V  Ua  A  ”  pc»  ’ 


(48,34) 


Then  p  =  po  ,  ft  =  Po-  ,  and  c'  =  C()  give  us  that 


But 


and  so 


- 


‘'  =  4ir’  ' 


(48,35) 

If  we  neglect  po  ,  which  is  here  permissible,  and  compare  this  with 


3f3 


4^+8, 50),  we  have  that 


a-4. 

Table  68  gives  calculated  and  experimental  A  for  metals,  for  which 

Table  6S 

Calculated  and  Measured  Values  of  A  for  Metals 
J 


,  H.t<a ' 

Ae 

/t.  kg/ci^ 

A  c 

A  e 

•  Iron  ....... 

4.5  X.105 

5.0  *  10‘’ 

i.ii 

.Copp.r . 

2.35*10“ 

2,5  *  10“ 

1.03  ■ 

.Duraluain'  .... 

2.04*10“ 

2.03*  10“ 

■  1.00 

T 


A  B  4;  the  agreement  is  satisfactory,  which  confirms  that  (48,31) 

dsaoribas  th«  behavior  of  a  solid  aoburatoly.  This  eiijiuatiofi  gives  Us 


that 


I  «!=  1 


«J=S  1  ■ 


&+')“ 


(48,36) 


which  is  the  final  step  in  the  solution.  Table  69  gives  some  results. 

Table  69 

Parameters  of  ilhock  V/avea  Produced  by  Duralumin 
Striking  Steel 


“ii' 

.  ks/ia2 

«• 

■l 

u*  t  in/B90 

■H 

2Axl0« 

0.150 

0.106 

675 

10“ 

0.338 

0.253. 

1780 

6*10“ 

0.565 

0.'l(if) 

0.624  ■ 

0.542 

6x10? 

• 

0.748 

0.593 

20  200 

■7L 

for  which  purpose  the  values  adopted  wore  =  0,  pi^  =  7*8  g/cm"^, 

A\,  =  4.5  X  10^  kg/om^,  p'<-  =  2.73  g/cm^,  and  'Ai  =  2.04  x  10^  kg/cm^. 
The  calculations  are  not  very  precise  for  p  '  ?•  10  kg/enr ,  because 


sfY 


the  change  in  5  cannot  be  neglected.  The  law  of  compressibility  has 
not  been  tested  experimentally  for  these  ve  high  pressures; 

We  have  made  measurements  of  the  >4  of  '  Plates  of  various 

thicknesses  were  fitted  with  cylindrical  charges  (height  equal  to  5-6 
diameters)  standing  on  end.  The  wave  reaching  the  plate  was  then 
almost  plane.  The  other  side  of  the  plate  was  in  contact  with  water 
in  a  transparent  vessel;  the  wave  in  the  plate  gave  rise  to  one  in  the 
water,  which  was  recorded.  The  initial  speed  of  the  water  wave  gave 
u*  for  the  interface  with  the  water  and  hence  the  pressure.  (These 
two  parameters  may  be  varied  by  using  several  different  explosives.) 

The  hydrodynamic  theory  then  gives  us  the  pressure  and  density  for  the 
wave  in  the  metal,  which  may  be  treated  as  a  liquid,  because  the  stress 
produced  by  the  explosion  ia  well  in  exoesa  of  tho  yield  point. 

The  equation  is 


<4.  (1^3,37) 

in  which  Uj,  relates  to  the  interface,  U/.  the  initial  speed  behind  the 

v/ave  in  the. metal,  and  u,  to  the  change  in  that  speed,  as  a  result  of  the 
reflection.  The  treatment  of  section  47  shows  that 


«»=/(/>»— Po)  (I'd)  — (43,38) 

in  which  t/oo  and  Vos  are  specific  volumes  for  the  water  ahead  of  and 
behind  the  shock  wave .  Now 


,«i=Vpj  (43,39) 

in  which  pj-  relates  to  the  incident  wave  in  the  metal  and  the  are 

specific  volumes  for  the  metal.  Also, 


Kl 


=r. 

J  pc  ‘ 


(43,40) 


If  we  use  (48,31)  for  the  law  of  compression,  we  can  put  (43,40)  as 


n-l 


n— 1 
2n 


(W,41) 


Here  and  wi-  are  known,  because  v^ater  is  used;  the,  unl^nowns  in 
(48,37)  and  (48,41)  are  then  y4,  n,  and  pi  .  Experiment  can  give  us  a,-  , 
whereupon  we  have 


Pi—?HMiDi,  (43,42) 

in  which  Di;  is  the  speed  of  the  shock  wave,  which  is  close  to  that  of 

5  2 

sound  even  if  pi  ^  10^  kg/cm  .  There  is  no  means  of  measuring  02  at- 
a  point;  it  can  be  measured  only  over  a  distance  of  several  mra. 

(The  values  can  be  used  without  introducing  great  error,  in  view  of  the 
above.)  Then  (48,31)  and  (48,42)  enable  us  to  put  (48,36)  as 


1 


( 48 , 43 ) 


Then  the  of  (48,41)  and  the  -u;  of  (48,42)  give  us  from  (48,37) 


that 


Pi 


T+ V 


n-n 


( 48 , 44) 


The  unknowns  are  as  before;  calculations  show  that  p,-  varies  very 
little  with  a  if  n'  >  3  %  so  we  were  able  to  put  n  as  4,  and  then  to 
determine  pj-.  and  A  for  given  O,*  We  found  that  A  remained 

nearly  constant  for  .71.=  4  far  a  fairly  .wide  range  of  plate  thicknesses 
(i.e.,  for  a  wide  range  in  p;, ) . 

This  work  was  done  in  1955;  later  in  the  year,  there  appeared  a 
paper  on  the  same  topic  by  WALSH  and  CHRISTIAN,  who  measured  ,Di-  for  a 
metal  with  a  free  surface,  and  also  for  that  surface.  Their  assump¬ 
tion  was  that  Ua,  would  be  twice  ,  because 

(48,45) 

«J  =  «!•  (  48 , 46  ) 


J 


sn 


In  fact,  iii./ui  varies  from  O.96  to  1 .03  for  Zn,  frora  O.9S  to  1.02 
for/li,  fi-oai  0.98  to  1.01  for  Cu  for  pressures  up  to  ';50  kbar 

(445  000  kg/cm^);  this  introduces  an  error  of  -1%  in  the  v„,.  Then 
(48,42)  and  (48,46)  give  pi  ,  which,  v;ith 

t'MO  ^  Oj  —  uj  (48,47) 

.gives  .. 

WALSH  and  CHRISTIAN'S  results  for  Al  agree  closely  with  ours; 

Table  68  gives  the  constants,  and  Table  70  gives  the  results.  .  Their 

Table  70 

Compressibility  of  Aluminium  as  a  Tunction  of  Pressure 


4  . bar  ■ 

133,9 

a  18.0 

358.6 

288,7 

333.1 

347.3 

'Source 

' 

o.m 

0.834 

0.8)7 

0.804 

0.791 

0.780 

Cw3  ■ 

f's.i 

0.8S0 

0.830 

,0.813 

0.801 

0.788  ' 

0.777 

Ovn  r«3ufti  . 

results  for  Cu  do  not  agree  so  well  with  ours,  because  their  copper  had 

a  specific  gravity  of  8. 903,  whereas  ours  had  one  of  3\5* 

AL'TSHULER  and  others  in  1958  published  some  very  important 

results  on  dynamic  compressibility  for  metals  at  pressures  up  to  5  x  10° 

2 

kg/cm  .  Their  method  was  to  measure  the  kinematic  parameters  of  the 
waves  excited  in  a  target.  In  one-  case  they  measured  the  mean  speed 
of  the  shock  wave  and  the  speed  of  the  free  surface,  which  latter  was 
taken  as  twice  the  speed  of  the  metal  behind  the  front.  This  was 

shown  to  be  so  for  pressures  up  to  3*5  x  ”10  kg/cm  . 

COOK  denies  that  this  relation  is  applicable;  without  good  reason, 
he  assumes  that  the  measurements  give  the  sum  of  the  speed  of  the  free 
surface  and  the  speed  of  the  body  as  a  whole  (instead  of  the  first  alone). 


3^7 


This  vrould  he  so  if  the  body  were  absolutely  incompressible,  in  which 


cme  tne  acceleration  would  be  indefinitely  g;reat.  ouch  conditions  do 
not  occur,  of  course. 

AL  ' 'i'ShULHR  et  ;\1  produced  these  very  hi^h  pressures  by  allowing 
a  body  that  had  beer.  i..o£lerated  slowly  to  strike  a  target  at  rest;  if 
the  striker  and  target  are  made  of  the  same  material,  the  speed  of  the 
interface  should  be 

a-  “ya,  ■ 

in  which  u  is  the  initial  speed  of  the  striker.  This  u  and  D'  (the 
speed  of  the  shook  wave)  must  be  measured  in  order  to  deduce  the  com¬ 
pressibility. 

They  found  that  D'  is  linearly  related  to  u'  if  the  latter  is  in 
the  range  1  to  5*17  km/sec; 

=  Co  Xu! 

in  which  C'o  and  X  are  empirical  constants,  who.ch  take  the  values  3 >80 
and.  1.38  respectively  for  iron  if  the  speeds  are  expressed  in  km/seo. 
This  functional  relation  defines  the  dynamic  adiabatic 


P' 


^a(P-?.dPn 


AL'TSHULEK  et  al  consider  that  this  is  applicable  for  P'  between  3  x  10' 
6  ‘2 

and  5  X  10  kg/cm  for  iron.  They  found  that  this  linear  relation  is 
applicable  to  all  the  metals  whose  'Co  and  X  are  listed  below  (but  not 
for  Sa)]  the  adiabatics  are  of  the  form  of  (48, 4S)* 


, 

Co' 

X 

tf 

Cu 

3.C0 

■  '  l.-lf1 

8.!)3 

%n 

.  .  3.20 

.  l.'is 

7.14 

Ag 

3,30 

1.54 

10;19 

c3 

2,65 

1.18 

8.64 

All 

■  3.15 

1.47 

•  T9.30 

Pb 

2.;jo 

1.27 

U.3'1 

2.00. 

U4 

9,80  . 

These  general  laws 
become  much  simpler  if 
p'/a  «  1;  we  may  expand 
’V(1  +  P'/A)  in  series  foi’n 
and  take  only  the  first 
term,  which  gives  us 


.3f/ 


(]  .+  p'/n.A),  Then  (i|6,36)  gives  us  that  ui  =  p'/(.nA^  +  p')  and  as  = 
p'/{nAi  +  p'){  these  are  inserted  in  (4S,30)  to  give  us  that 


P' 


1+ 

^  y  p.  («^- 


l+/>‘  ) 


If  nov/  we  neglect  p'  on  the  right,  we  get 

J,.  ^  «iiy"p."^a 


(45,49) 


(45,50) 


-/T5’ 

which  is  a  linear  relation  of  p.  to  a.,  .  If  now  «j  Is  substantially 
less  than  the  speeds  of  sound  in  the  metal  ( c>  and  Pi ) ,  we  can  put 
(45,2?)  and  (45,28)  as 


,  PjPafUfi 
^  Pi.«'i  +Pi«2.  ■  ‘  ' 


Pi«i  •;•?»«« 


Fig.  115 •  Apparatus  for  measuring  the 
displacement  of  the  free  end  of  a  rod 
and  the  speed  of  a  wave  in  the  rod. 

3^f 


(45.51) 

(45.52) 

Those  expresfilons 
are  correct  only  if  the 
yield  stress  is  exceeded 
by  a  considerable  margin, 
as  for  lead  and  some 
alloys;,  other  metals 
require  a  correction  for 
the  yield  stress,  which 
reduces  u  and  increases 
:p'.  (This  topic  is 
considered  in  cl'.apter 
XII.)  A  body  that 
deforms  in  accordance 
with  HOOKii'n  law  can  be 
used  in  measurements  of 
compressibility  if  we 
have  some  means  of 


recording  the  dicplacBnient  of  the-  material  in  a  thin  rod.  HOPXIICSOK 
first  used  rods  in  order  to  measure  the  pressure  as  a  function  of  time; 
DAVIS  doocrioed  an  electrical  form  of  Hopkinson's  method  in  19^8.  Rod 
of  HOPKIhSOh's  original  design  have  been  used  at  the  Institute  of 
Chemical  Physics  in  order  t.  measure  the  parameters  of  strong  shock 
waves  (sac  section  8?).  BAUM  and  STETSOVSKIY  have  improved  the  method 
by  using  a  new  technique  for  recording  the  motion  of  the  end  and- the 
passage  of  the  wave  in  the  specimen  (Fig.  113)- 

The  two  rotating-mirror  recorders  (type  SFE-2jV1)  were  made  at  the 
Institute;  the  lens  2  and  the  recorder  1  produce  photomicrographs 
(*  20)  of  the  motion  of  the  end  of  the  rod  7,  which  lies  normal  to  the 


Fig.  114.  a)  Motion  of  the  end  of  a  rod  after  reflection  of  a 
compression  wave;  b)  propagation  of  compression  and  tension 
waves  in  the  rod;  c)  shape  of  stress  wave. 


I 

plane  of  the  figure.  The  second  recorder  6  rec  .s  the  progress  of 
the  wave  excited  in  the  specimen.  The  two  recorders  are  synchronised 
with  the  light  source  5  and  with  the  explosion.  The  lenses  3  and 


mirror  4:  aervo  to  direct  the  light  to  the  recorder. 


The  pressure  in  a  compression  wave  approaching  the  free  end 
is  given  by 

P^— dt  •  (48,55) 

in  which  ipo  is  density,  Ca  is  the  speed  of  sound  in  the  rod,  and  dx/dt 

is  the  speed  of  the  free  end.  Experiment  gives  us  =  Jit),  from 
which  we  find  p^.  =  <9{i)  ,  i.e.  the  form  of  the  stress  wave. 

Figure  114a  shows  the  motion  of  the  end  of  a  rod  of  plexiglas 
200  mm  long  as  excited  by  200  mg  of  lead  azide  placed’  at  the  other  end. 

Figure  114b  shows  the  waves 
propagating  in  the  rod,  and 
Fig.  114'C  shows  the  stress 
wave#  The  recordings  show 
that  the  tensile  stresses 
resulting  from  the  reflection 
at  the  free  end  are  respon¬ 
sible  for  breaking  the  rod. 
The  free  end  starts  to  move 
when  the  compression  wave 
arrives;  the  rod  breaks  when 
the  tensile  stress  exceeds 
the  ultimate  strength  of  the 
material. 


Fig.  115.  Compressibility  of 
plexigla6_  for  dynamic  loads. 


The  ultimate  strength  of  plexiglas  for  dynamic  loads  is  1250-1550 

2  2 
kg/om  (the  value  for  static  loads  is  only  65O  kg/cm  ).  The  maximum 

speed  of  the  material  behind  the  shock  wave  is 


so  the  law  of  compressibility  can  be  deduced  from  the  measured  D  and 


ttj,,  for  which  we  have  the  basic  laws 


P  PdKj,  D. 


( 48 . 54) 

(45.55) 


Figure  115  shows  the  result;  the  compressibility  is  linear  up  to- 
2 

2000  kg/om  ,  which  justifies  our  assumption  that  plexiglas  obeys  HOOKE 's 
law,  at  least  up  to  that  limit. 

49*  Initial  Parameters  of  Shock  Waves  in  Media 
Escape  of  detonation  products  into  air.  We  have  seen  above  that 
(45,7)  canno-t  be  applied  to  the  shock  v/ave  and  products  when  the  latter 
escape  into  the  air;  LANDAU  and  SIANYinCOVICH  have  proposed  to  incor¬ 
porate  a  correction  for  the  variation  in  k  in  order  to  perform  the  cal¬ 
culation.  We  do  not  know  k{p)  in  analytic  form,  so  they  used  two 
isentropic  laws  in  order  to  describe  the  process: 

in  which  subscript  ».  refers  to  the  detonvation  front,  subscript  k  relates 
to  the  point  where  the  two  laws  overlap,  and  ,y  is  1 .2  to  1 . 4. 


HUQONIOT’s  equation  can  be  used  to  find  and 

in  which  AQ  is  the  residual  heat  and  Q,  is  the  heat  of  explosion.  It 


is  found  that  v.  is  small  relative  to /j.  Vj  ,  so  (49,2)  can  be  put  as 


(49,5) 


4+1*  WTTT’ 


2(A»-1)'  •  (49,4) 

Now  AQ- is  thermal  energy,,  so  AQ  =  ;  the  products  behave  as  an 


Ideal  gas  for  p  ^  ,  so 


:(T~1)AQ. 


(49,5) 


We  have  two  aquations 

=  (t— 1)^Q  >  pyi=  IK'vl,  ' 

for  P|j  and  Wj,. ;  x  found  only  if  the  composition  of  the  products 

is  known,  but  we  may  aesutne  that  iTsti-1-3  for  the  usual  high  explosives. 
The  velocity  of  escape  is 

■  (49,6) 

in  which  Ui  is  the  change  in  the  speed  of  the  products  resulting  from 
the  rarefaction  wave'j  here 


■«-  If- 


We  divide  the  region  of  integration  into  two  parts  to  get 
P|  Pu 

«i=  f  f  +  — 


in  which  c  is  the  speed  of  sound  and  -Cj^  =  •  Then 


Now 


i  A- 

'  — ■  O  n  —  _  /'’»  \  ** 


A-t  ' 


(l! 


(49,7) 


so  substitution  gives  us  that 


«fl,= 


A+l 


I 


2h 


r[-(&) 


k-l 

*k 


2«. 


i-i 


T-»-| 

fPaVW 

V^i/  J' 


Further,  ='A0|if  the  products  escape  into  a  vacuum,  so 

2tf. 


Uxm~' 


A-in 

1'- 

2k 

r  ft  —  1 

L  \Pi-l  Jj 

(49,3) 


(49,9) 


The  products  produce  a  shock  wave  if  they  escape  into  the  air,  and 
this  reduces  the  escape  speed.  Initially,  the  speed  of  escapo  coin¬ 
cides  with  .a',  the  speed  of  the  air  behind  the  shock-wave  front,  which 


we  may  take  as  strong.  Then  we  have  that  ' 


(49.10) 

( 49 . 11 ) 
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in  which  f,  is  f  for  air  (l.2  for  strong  shook  waves)  and  pt  is  the 
density  of  the  air  in  front  of  the  wave. 

Equations  (49,8)  and  (49,11)  suffice  ...  determine  the  initial 


parameters.  Table  71  gives  results  for  typical  high  explosives;  the 

Table  71 

Initial  Parameters  of  Shock  V/aves  in  Air 
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last  column  is  for  escape  into  a  vacuum,  and  here  is  much  larger 
than  D*  (.Ua  »  escape  into  air) .  Experiment  shows  that  these 

calculated  values  are  somewhat  too  low,  expecially  for  escape  into 
vacuum.  Moreover,  the  (and  the  other  parameters)  for  air  are  some¬ 
what  dependent  on  the  density  of  the  charge,  as  Table  72  shows  for 

Table  72 


Speeds  of  Shock  Waves  in  Air  Near  Charges 
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-Ijarges  23  mm  in  diameter.. 

If  we  take  the  speed  in  the  first  section  as  D'  ,  v/e  get  u,„  for 

trotyl  of  density  1  .60  g/cm^  as  ■2D_'/(,f^  +  l)  =  6800  m/sec,  so  = 

2 

640  kg/cm  ,  which  are  somewhat  higher  than  the  calculated  values. 

2 

Hexogene  having  a  detonation  rate  of  8OOO  n/sec  gives  =  840  kg/cm 
and  u„  =  7850  m/seo.  The  discrepancy  can  be  reduced  if  we  use  the 
two  laws  , 

pv’‘  —  const  )  pvf  ~  const. 

It  is  usual  in  calculations  on  the  total  effect  of  an  explosive 
charge  to  assume  that  the  detonation  is  instantaneous.  We  can  Evalu¬ 
ate  the  initial  parameters  of  the  shock  wave  in  air  for  this  case,  for 


Ui  a  Q  and  (48,7)  becomes 

Pi  I'm 


.1-— 


or 


T=iT 


(49,13) 


in  which  the  barred  quantities  apply  to  an  instantaneous  detonation, 

the  others  in  subscript  Al  being  for  the  point  of  overlap: 

-  2i  -2  3 

Pi~T  ’ 

HUGONIOT's- equation  for  this  detonation  is 

A— f  A_i+“Q“Qu> 

so,  if  we  neglect  the  second  term  as  being  small  relative  to  the  first, 
we  have  that 

'PiVc  „  PiVo 


n 

‘  “  'ilki—  I 


A-1  2(.k-l)—'‘'‘  —  2(ki^‘ 

That  is,  the  residual  heat  at  this  point  is  not  dependent  on  the  nature 
of  the  detonation.  The  parameters  for  this  point  of  overlap  are  given,  by 


Table  73  resulte  for  instantaneous  detonations. 


Table  73 


Expf  nt 


Initial  Parameters  of  Shock  Waves  Produced  in  Air  by 
Instantaneous  Detonations 
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shows  that  the  initial  parameters  of  actual  shook  waves  in  air  are 
higher  than  the  ones  calculated  for  instantaneous  detonation;  this 
feature  must  be  allowed  for  in  any  calculation  on  the  local  affects, 
but  it  is  less  important  in  relation  to  the  general  effects,  for  the 
actual  and  calculated  parameters  become  very  similar  at  fairly  small 
distances  from  the  source. 

Shock  wave  in  water.  An  underwater  explosion  from  a  charge  whose 
■* 

density  exceeds  1  g/cm"^  has  a  rarefaction  wave  in  the  products,  but 
here  there  is  no  need  to  consider  the  change  in  k ,  for  there  is  no  very 
large  change  in  /»  or  p.  This  means  that  we  can  use  (if8,7)  and  (^,8), 
so 


= /(Pa  —  Po)  K  0  —  t'u  a; )  . 

The  relation  of  p.  to  p  for  water  for  p.  ^  3000  kg/ cm  is 


(E9,14) 

(49,15) 


in  which  >4  and  n  are  empirical  constants.  Then  (49,15)  nay  be  trans¬ 
formed  by  neglecting  po-,  because  po  •«  Pe  ^  and  by  replacing  the  specific 


in  v.'ater. 


Thia.Z).'  is  found  from  the  ratio  of  the  p  and  the  a,)  as  jjiven  by 
(it9i20)  and  (49)'l8)  to  be 

(49,21) 

Further,  (49,16)  gives  us  and  i)„.  from  the  known  p®. 

The  temperature  chan^.;  across  the  front  in  the  water  cannot  be 
calculated  exactly,  because  we  lack  reliable  values  for  the  thermal 
capacity  of  water  at  very  high  pressures)  there  is  no  information  on 
the  division  of  the  internal  energy  between  the  thermal  and  elastic 
forms.  We  may,  though,  use  the  shook  adiabatic 

(®c  0  — 

in  order  to  determine  the  increase  in  the  internal  energy 

-  i 

during  the  compression;  Table  74  gives  results  found  in  this  way  by 
means  of  (49,19) •  The  initial  pressure  and  speed  are  less  than  for 

Table  74.  . 

Initial  Parameters  of  Shock  Waves  in  Water 


o 

V 

<  . 

> 

“cT 

o 

o 

i- 

h 

* 

<£  A 

~T~ 

> 

2 

H 

1 

K 

Trotyl  ..... 

1.60 

'i’.OO 

21S5 

1,560 

136  000 

87,2 

570 

inr . 

1.69 

7020 

2725 

1.635 

195  000 

83.5 

800 

the  charge  itself;  moreover,  and’D„/i)^'  tend  to  decrease  as  D:  , 

and  'p/  increase,  which  ia  a  result  of  an  increase  in  the  compressibility 
at  high  pressures. 

CHALLE  has  given  comparable  results  for  certain  other  liquids;  he 
measured  the  density  ratio  by  means  of  microsecond  radiographs  of  waves 
generated  by  charges  of  TEN.  His  p<!»/poO,  are:  water,  1.75;  ethanol, 
2.05;  acetone,  2.15;  ethyl  ether,  2.45- .  The  first  is  close  to  our 


Value . 


The  parameters  of  the  wave  generated  by  an  instantaneous  deto¬ 
nation  are  given  by 


(49.22) 

(49.23) 


in  which  subscript  i  denotes  the  initial  values  for  the  products;  D' 
is  given  by  (^i9,2l).  and  poo  by  (^.9,19).  Table  7i>  gives  some  cal¬ 
culated  results,  which  are  substantially  less  than  the  actual  values 

Table  73 

Initial  Parameters  of  Shock  Waves  Produced  in  Water  by 
Instantaneous  Detonations 
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(our  results  agree  quite  well  with  ones  calculated  by  the  KIBKWOOD- 
BETHE  method).  The  accuracy  of  any  such  calculation  is  governed  by 
the  error  in  the  relation  of  pressure  to  density,  which  is  derived 
from  measurements  of  the  speeds  of  shock  waves  near  explosions  in 
water.  Better  methods  of  measurement  are  needed  here,  because 
results  for  isothermal  compression  (BRIDGMAN  and  others)  cannot  be 
used;  water  solidifies  (seven  forms  of  ice  are  know;/,  when  it  is  com¬ 
pressed  slowly  at  very  high  pressures. 

Shock  waves  In  metals.  The  density  of  a  metal  or  alloy  is 
usually  greater  than  that  of  the  products  from  a  detonation,  while 


i/ai 


the  compressibilities  usually  stand  in  the  reverse  relation;  this 
means  that  a  metal  tends  to  produce  a  reflected  shock  wave.  3.’he 
equations  for  the  initial  parameters  are 


*■+ f  [ '  ■/Ik  +  rfr~4r(tzri)  ] 


(49,24) 


u^  —  u.‘  =[Pa>(»oO  — foa)]*. 


(49,25) 


These  enable  us  to  find  the  parameters  if  p{v)  is  known  for  high  pres¬ 
sures.  We  have  seen  above' that  the  relation  of  p  to  p  for  a  metal  is 


so  (49(25)  becomes 


(49,26) 


(49,27) 


Equations  (49,24)  and  (49,27)  give  us  the  initial  parameters  of  the 
shock  waves  in  the  metal  if  A  and  n  are  known. 

Table  76  gives  these  initial  parameters  for  certain  metals  exposed 
to  the  detonation  waves  from  typical  explosives ;  Pi^/Pi  >  ' ,  it 
increases  with  A,  although  it  decreases  as  'pj  increases.  It  is  always 
substantially  less  than  for  reflection  from  an  absolutely  rigid  wall 
‘  "{Yiere -pa/pi  =  2.4).  Further,  p  increases  by  10-25?5  when  the  shock 
wave  is  strong;  as  one  would  expect,  duralumin  is  found  to  be  the  most 
compressible,  and  steel  the  least. 

The  method  described  in  section  48  for  examining  the  stress  wave 

is  not  applicable  to  the  tail  of  the  wave  if  tha  rod  fractures;  that 

method  has  been  improved  by  BAUM  and  dTETSOVSKIY  as  follows. 

A  narrow  scratch  is  made  on  one  of  the  side  faces  of  the  rod; 

passage  of  repeatedly  reflected  waves  past  this  point  is  recorded  as 
before,  which  enables  one  to  use  stress  waves  of  any  amplitude. 


This  .method  has 


been  applied  to 
plexi£plas  to  yield 
the  .e  =  ,4'Co)  curve, 
,ih  which-  e  is 
relative  elongation 
and  c  is  tensile 
stress.  The  £ 

for  an  /'explosion 

i 

wave  is  the  ratio 
of  the  diaplacemeht 
of  the  line,  to  the 
length  of  the  sec~’' 
tion  acted  on  by 
the  wave.  It  is 
found  that  plexi- 
glas,  although 
usually  .considered 
as  plastic,  in  fact 
obeys  HOOKE 'a  law 
up  to  the  point  of 
rupture  for  explo¬ 
sion  conditions; 

it  behaves  as  an  ideally  elastic  body,  and  YOUNG'S  modulus  B  is'6  x  10^ 
kg/cm^.  For  comparison,  the  B' given  by  .e  =  is  6.05  x  10^  kg/ora  . 
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Chapter  X. 

OOMBUSTICN  OF  EXPLOS.'iVES. 

Basic  Character! stloa  of  Explosive  Combustion  Procc,-i:;.e£. 

Uader  definite  conditions  most  explosives  aie  capable  of  'inder^ing 
stable  oonbustion  vd.'Uiout  transition  to  detonation.  For  powders  rapid 
burning  is  lit e  basic  lype  of  explosive  transformation. 

The  results  of  theoretical  and  esqperimental  studies  show  that  the  basic 
processes  Wileh  are  characteilstio  of  oonbustion  rather  than  detonation  are 
included  in  the  followings 

1.  During  combustion  energy  enters  the  initial  substance  by  heat 
conductLon,  diffusion  of  gaseous  products,  and  irradiation.  During  detonation 
the  energy  and  subsequAt  initiation  of  explosive  reaction  are  provided  for  by 
the  propagation  of  e3q;>losive  pressure  waves. 

2.  The  rate  of  dissemination  of  combustion  proov.  u  is  far  hnd  away 
less  than  the  rate  of  detonation  proc'.^3ses.  ^e  rate  of  oonbustion  cannot 
exceed  the  speed  of  sound  in  the  staruLc  7,  material,  and  is  usually  considerably 
less  than  this.  This  is  a  result  of  "iue  conparanively  slow-,  ite  of  heat  trans¬ 
fer  and  diffusion.  It  will  be  recalled  that  ii:e  rate  of  detoLwi.tion  processes 
always  exceeds  the  speed  of  sound  in  the  origins  vubstance,  .  quently  by  a 
considerable  margin. 

3.  The  combustion  products  formed  directly  at  the  fron’.  .f  '^:<i  llame  move 
in  a  direction  opposite  that  of  the  Home  front,  whereas  the  :<site  occurs 
during  detonation.  Consequently  the  pressure  of  combustion  ....  du.'.  ..0  in  the 
flame  mone  is  considerably  less  than  at  tl-.e  front  of  a  detonation  wave. 

4.  The  rate  Ad  character  of  the  chemical  processes  00c. ..'rang  during  the 
oombustLoa  of  explosives  depend  to  a  considerahLa  extAt  on  ti-. .  eA-curaol  pressui's. 


For  example,  combustion  of  pyroxylin  and  of  some  other  eaters  of  nitric  acid 
at  relatively  low  pressures  (up  to  3^  ”  5^  atmos.)  luiually  leads  to  the  form¬ 
ation  of  nitrogen  oxides  and  foimaldebyda.  This  does  not  occur  at  higher 
pressures  -  of  the  order  of  hundreds  or  thousands  of  atmospheres.  At  very 
low  pressures  (close  to  the  combustion  unit)  the  combustion  of  many  gasoous 
mixtures  goes  via  a  chain  .ueohaaism,  whereas  at  sufficiently  high  pressures 
reactions  going  via  a  thermal  mechanism  become  important. 

The  combustion  of  many  liquid  or  solid  explosives  proceeds  either  in  the 
gas  phase,  or  simultaneously  in  the  gas  and  condensed  phases.  The  change  to 
the  lioal  combusUon  products  usually  goes  through  a  series  of  intermediate 
reaotions. 

'  It  is  oharaotaristLo  of  detonation  in  e:q>loalves  that  the  chemical  processes 
occur  in  both  condensed  wd  gaseous  phases  at  very  high  pressures.  Under  those 
oondltLons  behaviour  of  gases  is  virtually  the  same  as  that  of  liquids. 

Investigation  of  the  combustion  of  explosive  systems  bad  begun  even  in  the 
seoond  half  of  the  last  oentuzy.  Gaseous  mixtures  were  mainly  concerned.  She 
most  important  work  on  the  combustion  of  gaseous  mixtures  during  this  period  was 
oarrled  out  by  Mslllor  and  Le  ChateLier,  JUdkaon.,  end  .Michelson.  Their 
investigations  plsyed  an  important  role  in  the  subsequent  development  of  the 
theory  of  combustion  of  gaseous  mixtures.  The  process  of  ignition  and  spread 
of  the  flame  were  studied  for  a  long  time  in  Isolation  from  the  ohemicel 
kinetics,  and  this  led  to  some  of  the  principal  erxobs  of  the  formal  theories 
of  combustion  (Croy,  Qrimshaw,  Leten,  and  others). 

Considerable  progress  has  been  adileved  in  the  development  of  the  theory 
of  combustLon  of  gaseous  and  condensed  e;q)lo8lve8  In  the  last  ton  years.  This 
is  a  result  of  progress  in  the  field  of  chemical  kinetics,  and  in  particular 
the  theory  of  chain  reaotions  vhich  has  been  developed  in  the  main  by  Hlnshel~ 
wood  and  Semenov  and  their  schools.  The  thermal  and  chain  th<=!nrin3  of  auto- 

V// 


ignitioa  of  gaseous  mixtures,  originated  by  Semenov,  have  served  as  a  starting 
point  for  the  theoretical  v»rk  of  Soviet  scientists  (Zel'dovich,  Fraruc- 
Kamenetskii,  Todes)  on  combustion. 

Important  results  have  also  been  achieved  recently  in  the  study  of 
combustLuu  processes  in  condensed  phases  and  in  the  study  of  the  conditions 
for  transitioa  from  combustion  to  detonation.  The  most  valuable  studies  in 
these  fields  have  been  earxled  out  by  Belyaev,  Andreev,  and  Zol’do'/ich. 
Combustion  of  gaseous  explosive  systems.  Gaseous  e:^losive  systems  are 
chiefly  mixtures  of  combustible  gases  or  vapours  with  oxygen  or  air.  A 
gaseous  mixture  can  be  lifted  either  by  heating  the  mixture  or  by  localised 
IgnltLon  (electric  spark,  etc.). 

In  the  first  case  the  diemlcel  jreaotion  proceeds  simultaneously  throu^- 
out  the  volwe  of  the  vessel  containing  Ihe  gas;  in  the  second  case  a  fla:nc 
arises  at  the  Igoitiou  point  and  spreads  through  the  initial  material.  The 
flame  appears  as  a  thin  zone,  idrlch  separates  the  unreacted  starting  material 
from  the  Unel  reaction  products,  and  In  Which  chemical  energy  la  converted 
into  heat.  2>Lss<BisatLan  of  the  Heme  may  occur  by  deuonatipn  or  by  normal 
combustion.  The  term  "normal  combustion"  signifies  the  process  by  which 
Ignition  of  each  layer  of  the  gaseous  mixture  proceeds  by  thermal  conductive  . 
heating  from  the  previous  layer,  or  by  diffusion  of  aotive  intermediate 
reactive  products  into  the  starting  mixture. 

Thermal  aid  chain  IcnltAon.  Ignition  and  subsequent  bumiug  of  gaseous 
mixtures  can  000;^*  only  in  those  cases  in  which  the  chemical  reaction  proceeds 
in  conditions  of  progressive  autoacceloratlon.  The  oritic:^-  condition  for 
ignition  is  therefore  detenained  by  the  conditions  for  transfoimction  from 
stationary  to  non-stationary  reaction. 

If  at  some  value  of  the  temperature  and  pressure  stationary  heating 
becomes  Impossible  and  tie  temperature  of  the  reaction  mixture  basins' to 
increase  to  an  important  extent  in  a  non-stationary  manner,  the  phenomenon 


is  designated  thermal  ignition.  At  sufficiently  low  pressures  heat  evolu'iicr. 
by  the  reaction  is  compensated  for  by  heat  loss  to  tiia  surroundings.  As  the 
pressure  is  increased  heat  evolution  in  the  vessel  is  increased.  This  leads 
to  an  increase  in  the  gas  temperature  and  consequently  to  an  increase  in 
thermal  i-adiatlon.  However,  the  rate  of  reaction  and  of  heat  evolution  also 
increase  as  a  result  of  the  rise  in  temperature. 

Since  the  reaction  rate  ( cocothermic)  increases  e:<pon9ntially  with 
temperature  whereas  the  heat  loss  Increases  more  or  less  linoarly  with 
temperature,  a  continuously  autocatalytio  reactLon  occurs  as  the  result  of 
disturbance  of  the  thermal  equilibrivun,  and'  this  leads  to  e:>q)losion  Ci£?^itioa). 
The  limltLng  conditions  for  ignition  depend  notably  on  the  dimensions  of  the 
vessel  when  a  thermal  reaction  mechanism  is  Involved.  An  increase  in  the  size 
of  the  vessel  leads  to  some  decreasa  in  the  limiting  ignition  pressure  because 
the  relative  size  of  the  heat  loss  is  decreased.  Thermal  combustion  can  bo 
observed  in  any  exothermic  reaction,  the  rate  of  vhich  Increases  sufficiently 
r^  idly  wi  th  increasing  taaperalure. 

If  the  concentration  of  active  intermediate  products  begins  to  rise  to  an 
Important  extent  In  a  non-stationary  manner  uU  some  value  of  the  external 
parameters,  then  the  phenomenon  is  teimed  chain  or  difxtisidn  ignition.  Chain 
or  diffusion  ocmbustlon  is  possible  only  in  autooatalytic  reactions. 

Ignition  by  a  chain  mechanism  is  principally  encountered  at  comparatively 
low  pressures.  Host  caaes  of  ignition  at  atmospheric  or  higher  pressures  are 
of  the  thermal  type.  These  are  the  reactions  of  most  praouical  importance. 


■SI.  Tha  Theory  of  Thermal  and  Chain  iKnitlon  of  Gaa^s 


The  basic  ideas  of  aiitoignitioa  were  discussed  by  van‘t  Hoff,  accordiag 
to  viiom  the  condition  for  an  autoaccelerating  reaction  was  that  the  hoao 

A  quantitative  theory  of  autoignition 
The  essence  of  this  theory  is  tiiat,  under 
certain  conditions  (temperature,  pressure, 
etc.)  the  heat  of  reaction  becomes  larger 
than  the  heat  loss,  end,  as  a  res'olt  of  this, 
the  mixture  becomes  self-heating  and  the 
reaction  autoaccblerating,  so  that  an 
explosion  ensues. 

Let  the  gas  mixture  consist  of  molecules 
,A  and  B  vhje  h  react  together  bimolecularly: 

A  ^  8.S  fiB;  In  this  case  the  rate  of  reaction  is  described  by  the  equation 

B 

W’=-ZlA]iBle'>*Z  (51,1) 

vhere  4  snd  B  are  concentrations.  The  quantity  of  heat  liberated  per 
second  as  a  result  of  the  reaction  vdll  be 

S  F. 

q,  =. =  qZ\A\  1^1 

there  q  is  the  beat  liberated  by  each  elementary  act  of  the  reaction,  n  and 
(i-tn)  are  parameters  thlch  characterise  the  composition  of  the  mixture,  p  is 
the  total  pressure  of  the  mixture,  and  D  ^  qZ., 

Thus  the  heat,  evolved  ly  the  reaction  increases  rapidly  with  temperature, 
end  at  a  givaa  tanperature  it  is  proportional  to  the  second  ...jv,er  of  the  pressure 
of  the  mixture. 

In  51g.ll7  are  shown  ourves  which  give  the  relation  betwt-ea  q^  iind  tho 
tanperature  at  different  taaperatures.  Hho  greater  the  pressure  the  higher 
lies  the  curve. 

V/7 


input  should  exceed  the  heat  los 
was  first  formulated  by  Semenov. 


Fig.  I17*  Relation  between 
the  heat  Input  and  the 
heat  loss  >9,;  at  different 
pressures. 


To  a  first  epproximatloa  the  heat  "''."i  per  second,  <72,,  con  ho  ox.-'jiicd 
to  ho  proportLonol  to  the  difference  bou.;fjen  the  gas  teaperature  anu  tluat  of 
the  surrounding  medium 

^,  =  a(7 — To),  {51#3) 

vtoere  T  is  the  teaperature  of  the  gas,  To  is  -ae  temperature  of  the  surrounding 
medium,  and  a  is  the  coefficient  of  heat  outflow. 

The  graphical  representation  of  the  relation  hetv/ecn  qi  end  f  is  a  straight 
line.  At  low  pressure,  when  the  quantity  of  heat  evolved  is  defined  by  curve  /, 
the  gas  will  initially  heat  up  as  a  restlt  of  reaction  because  ^  q-i.  The 
rate  of  reaction  vdll  ir'oreage  until  the  temperature  of  the  gas  reichos  Tt . 

At  this  point  qi  a  qt^f  end  after  this  acceleration  of  the  reaction  ceases. 

At  hi£jher  proseuree  the  heat  evolution  curve  3  comi>letely  above  «I:e 
heat  loss  line,  qi^  '^  q^i  consequently  the  reaction  rate  rises  continuously, 
leading  to  an  explosion. 

Curve  2  corresponds  to  a  boundary  case  between  "quiet  reaction"  and 
e^qiloslon.  It  only  touches  ^the  heat  loss  line.  A  smell  oliange  in  either 
direction  of  the  pressure  or  temperature  Ta  would  lead  to  an  explosion  or  to 
a  quiet  reaction. 

Evidently  the  pressure  p,  corresponding  to  this  case  would  be  the  minimum 
pressure  fbr  self-ignlUon  at  the  given  temperature  To. 

This  pressure  con  be  defined  in  terms  of  the  conditions  for  the  curve  uad 
the  straight  to  touch.  Tvrs  conditions  must  be  fulfilled  at  the  point  of  contact 

qW=«{Ti—TQ),  1  (51,4) 

'  (  ■ 

df  df'  ) 

The  temperature  T$  con  be  determined  from  equation  (51,4). 

The  solution,  which  we  shall  omit  here,  shows  that  Tt  is  only  a  few 
degrees  higher  than  fo  •  Hence  . we  may  use  the  second  equation  of  (51»4) 
on  its  own,  putting  T=>  fa,,  to  draw  conclusions  about  the  conditions  for 


thermal  e::q)losicn.  This  equation  gives 


.  Putting 


(51,5) 


or 


thence  finally 


viiere 


and 


»“T"'C-iln7snf^- 


C51,6) 


It  la  easy  to  show  that  the  Uniting  oonditlon  for  salf-ignitlon,  as 
esqiressed  by  equation  remains  oorreet  in  the  case  when  the  rcaotlon 

la  not  fainolecular  but  goes  via  a  more  complex  rulet ' 

In  this  case*  ... 


and 


•In 


<,.RE 


m  +  l  Dn«^(\—n)^  * 


Ihus  the  logarithm  of  the  ratio  of  the  minimum  pressure  to  the  absolute 
temperat\U'e  of  autoignition  should  depend  linearly  on  i/rn  .  This  rule  was 
checked  end  oonflrmed  by  Zagulin  end  a  nxswber  of  other  v.'orker3  for  a  large 
number  of  gaseous  mixtures. 

Semenov's  theory  of  thermal  explosions,  vhlch  Is  the  basis  for  all  later 
work  in  this  field,  was  constructed  from  the  assumption  that  the  temperature 
may  be  assumed  to  be  unifom  throughout  the  vessel.  This  supposition  is  not 
in  accord  vdth  the  e3q>erinental  data;  ignition  elvrays  occurs  In  a  localised 
volume  at  a  maximum  temperature,  and  the  flame  then  spreads  through  the  gas. 


A  lator  developnont  of  the  theory  of  thermal  ignit!.on  was  Frank- 
Kamenetskii's  so-called  stationary  the  ry  of  thermal  ejiplosion,  in  wliich 
the  distribuilon  of  temperatures  in  the  gaseous  reaction  mixture  is  taken 
into  account. 

The  stationary  theory  of  thsiTasl  erqplosionS  starts  from  the  discussion 
of  the  stationary  equation  of  heat  conduction  for  a  eysteui  with  a  continuous 
distribution  of  energy  soureest 

'  4 

■  (51,7) 

where  A  is  the  Laplace  operator^  y  is  the  volume  rate  of  heat  evolution,  end 
jA  is  the  thormel  oondaqtivity  coefficient. 

If  the  rate  aC  reaction  is  related  to  the  taaperaturs  by  the  Arrhenius 
relationebipi  then 

•  =  :  (51,8) 

The  equation  (51>7)  oen  now  be  put  into  the  fora 

A7'«--£ze‘^,  (51,9) 

idiere  Q  is  the  heat  effect  of  the  reaction. 

The  problem  reduces  to  the  Integration  of  the  equation  (51,9)  with  the 
boundary  conditionst  at'  the  walle  of  tbs  vessel,  T  =  To  , 

Aocordiag  to  this  theory  ignition  of  the  gas  should  occur  when  a 
stationary  distribution  of  tempersturo  becomes  impossible. 

Without  gcing  into  a  detailed  discussion  of  the  mathematical  conclusions, 
we  shall  look  only  at  the  end  results  of  the  theory  in  the  form  of  a  criteria 
which  pemit  the  limiting  conditions  of  thermal  Ignition  of  the  reacting  gas 
to  be  established. 

According  to  Frenk-Kamenetskii  this  condition  can  be  put  in  the  fozm  of 
a  critical  value  of  the  dlmenelonleae  parameter 


(51,10) 


v&ere  Tt  Is  the  temperature  of  the  Avails  of  the  reaction  vessel,  Qls  the 

heat  effect  of  the  reaction,  E  is  the  energy  of  activation,  <R  is  tlie  gae 

■ 

constant,  r  is  the  radius  of  the  vessel,  and  ,  Ze  =  -is  the  rate 
of  reaction  at  a  composition  of  the  reaction  mixture  corresponding  to  the 
maximum  rate  of  reactioQ. 

She  parameter . 9  describes  the  aggregated  properties  of  the  system 
(the  rate  and  beat  effect  of  the  reaction,  thermal  conductivity,  size  of 
the  vessel).  The  erlUoal  condition  for  ignition  has  the  formt 

8>=»const  =  9«|>.  (5^*13') 

If  the  corresponding  parameter  (vhich,  vhen  substituted  into  equation 
(31,10),  diaraoterisas  the  ei^erimental  conditions)  gives  a  value  of  .9  less 
than  the  oxitical,  then  a  stationary  distribution  of  temperatures  should  be 
established;  In  the  opposite  ease  an  explosion  should  ensue. 

The  crltioal  rslue  of  i  depends  on  the  geometrio  shape  of  the  vessel. 
For  a  plsna^parallal  vessel  'riifr«>0,88:  ;  :for  a  spherical  vessel  »3,32 

and  ibr  a  qyllndrloel  vessel  with  length  L  and  diameter  d 

8,j=^2.00+0.,S43(|)’' 


V?-/ 


Table  "fS" 

Decomposition  of  Methyl  Nitrate 
(after  Apin  and  Khariton) 

2CHnONO,  o  CHjOH  +  CHjO  +  2NO, 


oa 

7o.1o,*K 

^ob..  ‘K 

103 

• 

531 

520 

107 

538 

521 

33 

550 

534 

9 

578 

567  ■ 

4 

590 

597 

Decomposition  of  Nitrons  OscLds 
(after  Zel'dotlch  and  Iakovlev) 

■  2N,6-.2N,  +  Oi 


Table  77  .  Ibe  theory  permits  the  position  of 
(after  Rice)  ignition  limits  to  be  calculated  for 

_ °°  _  reactions  of  knom  kinetics.  The 

^  ’  I  ofilculated  results  show  excellent  agT'ce- 

neat  vdth'tha  experlmeatel  data  in  a 

■  SS  63fl  631 

i  5'’^  number  of  reactions.  Examples  are  shown 

18  000  G69 

'^^ble~^'~  '  ^  TftlileB  77  -  79» 

Decomposition  of  Methyl  Nitrate  is_,w  ..w.v  4..,. 

(after  Apin  and  Khariton)  FVank  Kamenetakil  showed  that 

_ I - Ignition  had  a  theiTpal  character  if  at 

p,  aa  Hff  Jo»iO|*K  T’pOtv 

_ _  :  Ignition  limit  J  sxceeded  the  critical 

1 

107  5^  '  value.  If  ignition  occurred  at  *  8  less 

33  55:i  634 

4  S97  ‘  critical  value,  then  Ignition  of 

*  Table  79  '  ^  hhain  diaraoter. 

DecomposiUoa  of  Nitrous  Oxido  ‘  t-  ..v  4.  , 

(after  Zel‘dovlch  and  Iakovlev)  Ihe  stetlonaiy  theory  of  theilaal 

2N,6»2N,  +  o,  •ato-lgnlUon  only  the  distribution  of 

p.  H,  riiCorK  I  rob..  ‘K  tes^wrature  in  the  veasel  is  discussed. 

I  r!i*  fihejige  of  this  distribution  with  time 

590  lllQ  1100 

380  1175  iifls  ia  not  taken  into  account.  Todes,  like 

170  1255  1285 

- ; - ^ -  Semenov,  considered  that  the  temperature 

was  uniform  throughout  the  reaction 
fflixlure.  He  discussed  the  relation  between  this  temperature  end  time. 
ggp^jatLonary  theory  of  thermal  explosion.  StarUng  from  the  assumption 
m.entioned  above,  ve  Shall  diaousa  the  beat  balance  of  the  whole  vessel.  The 
quantity  of  heat  evolved  by  the  chemical  reaction  in  the  total  volume  of  the 
vessel  in  unit  time  is  equel  to  . 

,  ■  .  F,  :■ 

wQZe'i^,  (51,12) 

vhere  tti'is  the  volume  of  the  vessel. 

The  quantity  of  heat  lost  from  the  wells  of  the  vessel  in  the  same  time 

vdll  be  , -  -I 

[,«5(7’;^7’„),  J  (5i,i3) 


p,  .a«  H, 

'TistiorK 

robft>  *K 

590  ' 

lllQ 

1100 

330 

1175 

1195 

170 

1255 

1285 

vdiere  a  i»  the  coefficient  of  heat  transfer,  and  S  is  the  surface  of  the 
walls  of  the  vessel.  The  difference  hetweeu  these  quantities  of  heat,  used 
in  heating  the  gas,  is,  in  unit  time 

cpw^,'  (51,14) 

t 

where  c  is  the  heat  eapacit7  of  the  gaseous  mixture,  p  is  its  density  (number 
of  solas  per  unit  vsline),  and  ,Ms  the  time. 

CoBpaxlng  these  equations,  we  obtain  the  heat  balance  equation 

:  —  (51.15) 

ttl  Cf  ^  <,w  ' 


Putting 


r-ro=>d.. 


then 


F.  ' 


It  was  shown  earlier  that  0-^  To.  elose  to  the  auto-ignition  limit. 


Consequently,  putting 


in  the  fors  of  a  geometric  progression  and 


omitting  all  terms  of  order  greater  than  one,  we  obtain 


K 

■ST 


Transfonging  to  diseosionless  temperature 


RTl 


' 


we  get  the  equation  (51,15}  ia  the  form 


Ze  '  ~  0 

dt  ep  RTI 


g5  _ 
epw 


(51.16) 


(51,17) 


(51,18) 


with  the  initial  condition  that  @  — 0  at  /»0  . 

All  the  terms  in  equation  (51,18)  have  the  dimensions  of  reciprocal  time. 
To  convert  this  to  the  dimensionless  Ibrs  it  is  necessary  to  introduce  a 
unitary  scale  of  time.  Equation  (51,18)  contains  two  parameters  which  could 
serve  as  such  a  scales 

'  ...(o^irAr  ’ 

\<  »ri  ,  / 

■ 

•  \  CfW  )  '  ' 


(51,19) 


On  this  basis  one  can  conclude  that  equation  (51»l8)  should  have  tho  fora 

^51,20) 

where  r  can  be  either  of  the  parameters  ir  or  . 

Thus  the  relation  betv'reen  the  dimensionless  temperature  and  the  dimension¬ 
less  parameter}  ;  ,  the  value  of  thich  is  determined  by  the  form  of  the 

temperature-time  curve.  A  sudden  change  in  the  course  of  the  ouiye  should 
occur  at  a  definite  critical  value  of  the  parameter  ~  $  l.e.}  the  critical 


condition  for  ignition  will  bet 


•^  =  const. 


(51,21) 


This  result  was  first  obtained  by  Todes.  If  one  takes  from  the  theory 


of  thermal  conduction  the  value 


a=Nu  ■j, 


where  Nu  ••  the  Nuaselt  criterion  -  is  a  constant  value  depending  on  the 
geoaetrio  fozn  of  the  vessel}  d  is  the  characteristic  linear  dimension  of 
the  vessel}  and  %  is  the  thermal  conductlvily  coefficient}  it  is  not  difficult 
to  ascertain  that}  with  a  precision  of  a  constant  factor^  the  parameter 
coincides  with  the  parameter  i  introduced  in  the  stationary  theory.  Thus 
both  theories  lead  to  a  sin^e  fbra  for  the  critical  condition  for  auto-ignition. 

Let  us  determine  the  physical  meaning  pf  the  parameters  ti  and  t;..  Let  us 


write  equation  (51,18}  in  the  formt 


'dt  Tj  V,  ' 


(51,22) 


On  the  right  hand  side  the  first  tens  is  proportional  to  the  amount  of 

* 

heat  evolved  in  &e  reaction}  whereas  the  second  term  is  proportional  to  the 
amount  of  heat  lost-  from  the  walls.  At  temperatures  and  pressures  consider^ 
ably  above  the  limiting  valueS}  the  first  term  will  be  much  larger  than  the 
second.  In  these  conditions  heat  loss  can  be  ne^ected  and  a  thermal 
es^loslon  may  be  considered  to  be  adiabatic.  In  this  case  the  relation 


between  temperature  and  time  ehoiild  have  liie  form 

i.e,,  tiio  tiac  to  reach  soma  valius  of  will  ba  praportic.'.ai.  'ao  . 
Consequently  the  induction  period,  i.e.,  the  time  during  which  ti-.c  auto- 
iguitioa  occurs,  is  proportional  to  the  parameter  ti  in  adiabatic  thermal 
e^iplosiotis.  An  analytical  solution  shows  that  the  proportionality  constant 
is  unity.  * 

Ihe  parameter  t,'  is  therefore  termed  the  adiabatic  induction  period. 

From  equation  (51,19)  It  follows  that  the  adiabatic  induction  period 

t5L,24) 

vhere 

(  T,„  =  ~  +  Tc  Is  maximum  6:;^osion  temperature)  Is  calculated  on  the 
assumption  that  the  heat  capacity  is  constant. 

The  relatLon  between  the  induction  period  and  the  self-ignition 
temperature  (51,24)  evidently  has  a  more  general  value,  and  as  has  been  noted 
(see  Chapter  II),  it  is  found  in  experiments  on  most  explosive  syst^s  studied 
both  In  the  gas  and  in  the  condensed  phase.  Equation  (51,25)  establishes  the 
theoretical,  relation  between  the  pre-exponential  factor  B  in  equation  (51,24) 
and  the  nature  and  basic  kinetic  characteristics  of  the  gaseous  mixture. 

According  to  the  theory  developed  above  eiq>losions  principally  arise  in 
heated  systems.  However,  many  cssea  are  known  in' which  a  slow  reaction  can, 
in  certain  conditions,  become  autoaccelerating,  not  as  a  result  of  heating, 
but  as  a  result  of  the  accumulation  of  catalytlcally  active  intermediate 
reaction  products  in  the  system.  This  occurs  in  conditions  favouring  the 
origin  mrd  branching  of  chains.  In  this  case  heating  is  the  result  of  the 
explosion,  not  its  causa. 


The  active  intermediate  products  react  with  the  starting  materials  and 
transform  them  into  the  end  products  of  the  reaction.  These  processes 
require  a  comparatively  small  activation  energy,  (especially  vhen  tho  active 
.products)  are  free  radicals  or  atoms)  and  t.  therefore  go  at  a  great  spaed. 
The  initial  ihmation  of  the  active  centres  from  the  stable  starting  materials 
requires  a  activation  energy  and  hence  cannot  proceed  at  a  high  speed. 

For  an  active  centre  reaction  to  proceed  sufficiently  fast  it  is  necessary 
that  the  active  centres  should  be  regenerated  during  the  reaction,  i.e.,  tho 
reaction  of  the  active  products  vdth  the  starting  materials  should  produce 
non  active  intermediate  products  as  well  as  stable  terminal  reaction  products. 

Reactions  in  «hich  regeneration  of  the  active  intermediate  products 
occurs,  ai’a  called  chain'  raaetlona.  £ach  active  molecule  (atom,  radical) 

Wiich  is  oonsumed  during  the  reaction  causes  a  prolongation  of  the  chain  in 
subsequent  reaction  steps. 

In  the  last  decade  great  progress  has  been  made  in  the  study  of  the 
kinetics  and  development  of  chain  reactions,  largely  as  a  result  of  the  work 
of  Bodenstein,  Hinshelwood,  and  the  Soviet  school  under  Semenov,  who  have 
particularly  developed  the  important  bases  of  the  c/iain- theory  of  explosion 
for  gaseous  mixtures. 

The  chain  theory  of  diealoal  reactions  was  first  introduced  to  explain 
unusually  large  quantuu  yields  (the  number  of  reacted  molecules  arising  from 
the  absorption  of  one  li^t  quantum)  in  photochemical  reactions  -  in  certain 
cases  the  quantum  yield  reached  10>  molecules  per  quautun. 

As  an  example  of  a  chain  reaction  the  interaction  between  olilorlna  and 
hydrogen  may  be  taken.  According  to  Nemst  this  goes  in  the  foUovdng  way: 

Clj  "4"  Av  =  Cl Cl  ( 

C14-H2=HCH-H, 

H'“|“CIa  —  HC] -1“  Cl  “1“ 45  jccalj.to* 


In  this  case  a  quantiM  of  ll^t  causes  the  dissociation  of  a  raoleculo 
of  chlorine  in-to  chemicaJly  active  atoms.  In  subsequent  steps  tlieso  atom- 
react  >dLth  the  starting  materials  to  form  now  active  contras  (chlorifie  and 
hyr4'^''c>:ii  vhidh  ensufo  the  tiOi'iUinuU''bi>ijU  'tiiO 

Other. examples  of  raactions  with  chain  mechanisms  are  the  reactions 
between  hydrogen  and  oxygen  and  between  carbon  monoxide  and  oxygen  The 
initial  active  centres  In  the  fo]:iner  reaction  are  hydroxyl  free  radicals: 

The  process  then  proceeds  further  by  the  following  scheme: 

1)  OH  +  Hs  =  HjOr+-H, 

2)  H+0,=  0H  +  0, 

3)  0+Hj=0H+H  .to. 

In  this  process  a  ain^e  OH  radical^  mapy  times  regenerated,  is  capable 
of  foralng  a  large  niuiber  of  water  moleev^les.  The  three  intermediate  products 
of  reaction  -  OH,  H,  and  0  -  are  active  centres  and  chain  carriers. 

Loss  of  one  of  the  active  centres,  by  a  reaction  which  does  not  lead  to 
regeneration,  prevents  the  formation  of  many  water  moleculss:  such  a  process 
is  called  chain  termination.  In  the  case  given  the  chain  may  be  tennlnated 
as  a  result,  £br  example,  of  the  following  reactions: 

0H4-0H=H,4-C„  1 

0  +  0  =  0j. 

Chain  rupture  can  also  occur  at  the  surface  of  the  vessel  walls  either 
by  reaction  of  the  active  centres  with  the  material  of  the  walls,  or  by 
simple  absorption. 

On  the  other  hand,  reactions  (2)  and  (3)  lead  to  an  increase  in  the 
number  of  active  centresj  "'such  processes  are  tenned  reactions  with  chain 
branching;.  If  the  pate  of  increase  of  active  centres  caused  by  chain 
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brandling  reactions  exceeds  1±iq  rate  of  thaxr  loss  by  chain  temination 


reaciions,  then  continuous  autoaoocleration  occurs  and  finally  tiio  systtai 
explodes.  In  the  opposite  case  ignition  of  the  gas  bacomec  impossible. 

Ll'ui  os  of  .-uit-.-i,-' :.tion.  The  occurrence  of  upper  and  lov/er  ignition  liiaits 
may  be  e^qilained  In  conditions  In  uhich  chain  reactions  proceed.  Upper  and 
lower  Ignition  limits  have  been  established  for  mixtures  of  hydrogen,  carbon 
monoxlda,  methane,  and  some  other  gases,  idth  oxygan  at  sub-atmospheric 
pressures.  A  l^rpical  diagr.aji  of  the  ignition  limits  for 
is  given  in  Hg.  118. 

The  lower  ignition  taaperature  is  characterised  by  the  fact  that  for  . 
ever/  temperature  there  is  some  minimum  pressure,  pi  ,  belov/  which  it  is 
impossible  for  ignition  of  the  gas  to  occur.  Vrnen  the  pressure  on  tlie 
lower  limit  curve  is  lowered  the  auto-lgnitlon  temperature  rises.  However, 
in  a  certain  taaperature  range  ignition  is  impossible' if  the  pressure 
exceeds  some  critical  value,  p%  «  Thus  the  region  in  which  ejqilosive 
reaction  occurs  is  shaped  lihe  a  peninsula  and  this  phenomenon  is  termed 
peninsular  ignition. 

Ignition  limits  m&y  be  determined  in  the  following  manner: 

Itot  a  gaseous  mixture  in  a  vessel  be  heated  to  the  temperature  and 
pressure  required  to  exceed  the  pressure,  p,  ,  corresponding  to  the  upper 
limit.  In  these  conditions  a  slow  reaction  will  occur.  A  gradual 
pumping  out  of  the  mixture  initially  leads  to  a  further  decrease  in  the 
rate  of  reaction,  but  then  at  definite  pressure,  pi ,  explosion  occurs. 
Indicated  by  a  bright  Hash.  The  reaction  retains  its  explosive  character 
until  some  veiy  low  pressure,  'Pi  ,  is  reached  vhen  the  mixture'  again  ceases 
to  ignite.  As  the  temperature  decreases  the  upper  and  lower  limits 
approach  one  another  and  finally  their  ends  coincide. 


IhQ  existence  of  mi  upper  liiuit  can  serve 


aa  an  uadouboed  demonstration  of  tiie  chain 
mechanism  of  the  reaction.  In  the  given 
case  a  decrease  in  pressure  leads  to  an 
iacreasr  in  the  rate  of  chain  branching 
reactions  in  comparison  with  the  rate  of 
homogeneous  chain  tezioinatlon.  Conseciuently, 
below  a  certain  critical  pressure  the  process 
accelerates  so  much  that  an  explosion  onsuas. 
This  could  not  occur  by  a  thermal  mechanism. 

According  to  Lewis  and  Alba,  the  existence 
of  a  lover  limit  for  the  hydro gen-o:i7gen 
eoplosive  mixture  is  explained  by  the  loss  of  active  centres  on  the  walls 
'...eterogenous  torminatLon)  *  At  a  sufficiently  low  pressure  the  part  played 
by  chain  termination  at  the  walls  increases  to  such  an  extent  that  a  further 
decrease  in  the  reaction  pressure  finally  causes  the  reaction  to  lose  Its 
explosive  character*  Studios  by  Kalbcundyen  and  his  co-workers  showed  that 
the  principal  heterogenous  chain  termination  process  in  the  .  Ha .4- Oji.  reaction 
is  the  loss  of  atomic  hydrogen  at  the  sui'face.  This  was  explained  by  the 
fact  that^  because  pf  its  endo thermic! ty,  the  slovrost  of  the  basic  steps  in 
the  reaction  is 

H+0j  =  0H  +  0. 

Consequently  the  concentration  of  atomic  hydrogen  in  the  reaction  zone 
is  considerably  hi^er  than  the  concentrations  of  •fclio  remaining  active  centres. 

Study  of  die  kinetics  of  chemical  reactions  above  the  upper  ignition 
limit  showed  that,  when  the  pressuro  was  increased,  the  slow  reaction  was 
again  transformed  to  an  esplosion,  and  this  is  lini-;ed  with  the  existence 
of  a  third  Ignition  limit.  The  curve  of  this  limit  is  characterised  by 


Fig.US  Region  of  ignition 
for  a  stolchrometric  mixture 
of  hydrogen  and  orygen  at 
low  pressures. 


iho  fact  that,  starting  from  a  particular  pressure,  an  increase  in  pressure 


leads  to  a  si  .ecroass  in  the  auto-igaiti^n  temperature. 

Ac:./.;; 

hence  M.-  u  eort-Ui«.  .^>erv^wure  w  . . . . 

•  1  I  ' 

iiO’ti  OllOj  «  .'-‘v  — - - — 

- ... 

relation  between  the  ^ition  temperature 
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end  ths  pressure  has  the  general  form 
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shown  in  Fig.  119.  o 
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FrsTili-Kaiuenotskli'fl  calculations  Fig.119*  Change  in  the  ignition 

temperature  of  a  stoichiometric 

showed  that  tha  ignition  of  a  hydrogen  mixture  of  methane  and  oxygen 

with  pressure. 

oxj'gen  mixture  in  the  region  of  the 
third  limit  had  a  tdermal  character. 

It  should  be  noted  that,  unlike  auto-ignition,  an  upper  limit  does  not 
exist  for  electzlc-spaik  initiated  explosions. 

Catalytic  affect  of  iiimurltiea  (additlTas^.  The  large  effects  of  additives 
in  a  gas  on  the  conditions  and  rates  of  chain  reactions  Is  e^^lained  by  the 
catalytic  effects  of  the  additives.  Additives  v/hich  appear  to  be  positive 
catalysts  are  substances  capable  of  giving  rise  to  active  centres  of 
initiating  chains,  or  of  hindering  the  diffusion  of  active  centres  to  the 
walls  of  uie  vessel.  Negative  catalysts  on  the  other  band  usually  cause 
chain  rupture  by  reacting  with  the  active  centres. 

For  example,  small  quantities  of  iodine  or  the  other  halogens  strongly 
repress  the  o;d.dation  of  hydrogen  in  an  explosive  mixture  by  introducing  the 
following  processes: 

H4-la=HI  +  I, 

H  +  = 

The  reaction  between  carbon  monoxide  and  oxygen  in  the  presence  of  traces 
of  water  vapour  and  hydrogen  serves  as  an  example  of  positive  catalysis.  Two 
types  of  reaction  have  been  established  for  this  mixture.  One  of  these 
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occurs  ;\d.thin  an  ignitioa  psalnsula  at  temperatures  betiveen  45O  and  700^. 

Tho  upper  igaitioa  limit  corresponds  to  pressures  from  /O  mai  to  atcospheric 
pressure.  Water  vapour  does  not  affect  tlao  position  of  the  upper  limit 
and  hence  does  not  take  part  in  the  meohaaism  of  this  reaction. 

According  to  Lewis  and  Alba  the  active  centres  in  tliis  reaction  are 
the  CO3  radical  and  the  ozone  molecule.  However,  this  should  lead  to  on 
almost  complete  suppression  of  the  process  at  a  sufficiently  high  temperature 
becanea  of  the  thermal  instability  of  CO3  and'Oa.  It  Is  knowr..  from  c^ipcriaents 
■Uiat  a.woll  dried  mixture  of  CO  ^d  Okyssn  will  not  react  even  up  to  700*^  at 
pressures  of  the  order  of  atmospheric  (i.e.  above  the  upper  lioit).  Above 

jfc  'a 

700  only  a  slow  heterogenous  reaction  Is  observed.  Hhus  the  homogenous 
(taking  place  in  the  body  of  the  vessel)  type  of  resctipni  discussed  above  is 
practicslly  impossible  outside  the  limits  of  the  ignition  peninsula. 

In  the  conditions  described  above  the  process  In  a  moist  mixtuZ'S  is 
stiongly  accelerated,  but  the  .mechanism  is  dionged  considerably*  According  ' 
to  Semenov  and  Zel'dovich,  it  can  be  described  by  the  following  scheme: 

H-i-0..  =  0H  +  O, 

0H+C0  =  C0,4-H, 

CO  +  0=COi, 

0+-K,=0ii-rH.  . 

OH+Hi-HjO-i-H. 

On  the  basis  of  a  spectrographic  study  Kondrat’ev  concluded  that  the 
limiting  step  In  the  combustion  of  CO  in  the  presence  of  moisture  Is  the 
process 

w.*  I  ■ 

stationary  o.nd  nQn--statlon.'xry  chain  reactions.  Depending  upon  the  con¬ 
ditions,  a  chain  reaction  occurs  in  a  stationary  or  in  a  noa-stationary  form. 

We  shall  discuss  tae  simplest  case  in  viiich  only  a  einalQ  active  intormediato 
talces  part  in  the  reaction.  Let  us  call  the  concentration  of  the  active 
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occurs  vdthin  m  Ignition  peninsula  at  temperattjres  between  4^  and ‘TOO  . 

The  upper  ignition  limit  corresponds  to  pressures  from  70  jorfl  to  atmospheric 
pressure.  Water  vapour  does  not  affect  the  position  of  the  upper  limit 
md  hence  does  not  take  part  in  the  mechanism  of  this  reaction. 

According  to  Lewis  and  Alba  the  active  centres  in  this  reaction  are 
the  C&3  radical  and  the  ozone  molecule.  However,  this  should  lead  to  an 

almost  complete  suppression  of  the  process  at  a  sufficiently  high  temperature 

« 

becauee  of  the  thermal  instahill-i;y  of  CO3  and  O3;..  It  is  knovoi  from  e^iperiments 
'that  a  vdil  dried  .mixture  of  CO  and  oxygen  will  not  react  even  to  7^*^  at 
preesuras-ef-tbe-order'^f' a'iros^ezlo  (i.e.  above  the  upper  limit).  Above 
700^  only  a  slow  heterogenoiis  reaction  is  observed.  Thus  the  homogenous 
(taking  place  in  the  body  of  the  vessel)  ta^e  of  reaction  disctissed  above  is 
praotLoally  impossible  outside  the  limits  of  the  ignition  peninsula. 

In  -the  oondltlons  desoribed  above  the  process  In  a  moist  mixture  is 
strongly  accelerated,  but  the  .medianlsm  is  dianged  considerably.  According 
to  Semenov  and  Zel'dovioh,  it  can  be  described  by  'the  following  scheme: 


HH-03  =  0H-t-0, 

OH  +  CO  =  COj‘4-H, 
CO  -f*  0=C0j, 
0-f-H,=0H  +  H, 
OH  +  H2=HsO-|-H. 


On  the  basis  of  a  speotrographic  stud/  Kondrat'ev  concluded  that  the 
limiting  step  in  the  oombustLon  of  CO  in  the  presence  of  moisture  is  the 
process 

,  OH-|-CO=CO,+H.  ■ 

Statdonarr  and  non-staUonary.  _gh5in  reactions.  Depending  upon  the  con¬ 
ditions,  a  chain  reaction  occurs  in  a  stationary  or  in  a  non-stationary  form. 
We  shall  disouss  the  simplest  case  in  vhich  only  a  single  active  Intermediate 
takea  part  in  the  reaction.  Let  us  call  the  concentration  of  the  active 


product  Tha  change  of  this  parameter  with  time  is  governed  by  the 
kinetic  equation: 

^■==ih-\-fx—sx.  (51>26) 

vhere  «c^  is  tha  rate  of  chain  initiation,  f  is  the  rate  constant  for  chain 
branching  processes,  and  g  is  the  rate  constant  for  chain  tenainatiug  processes. 

Under  chain  Initiation  are  included  the  primaty  processes  of  intermediate 
product  formation  from  the  starting  materials;  .under  chain  brc;:'.ching,  those 
reactions  in  vhich  one  molecule  of  active  intenaediats  reacts  with  starting 
material  to  give  two  or  more  active  centres;  and  under  chain  tenslnatlon, 
processes  by  iiMch  active  centres  are  destroyed. 

The  solution  of  equation  ($L,26)  has  a  different  ch.ru'acter,  depending  on 
the  ratio  between  the  parameters  f  and  g.  b’hen  .g>/  we  shall  have  a 
stationary  regime.  In  this  case  the  concentration  of  the  active  product,  a:, 
will,  with  time,  approach  a  stationary  value: 


When  this  value  has  been  reached  the  concentration  of  the  active  product 
will  remain  constant,  and  the  reaction  will  go  at  a  constant  rata 

v<=kx>  .  (51>28) 

there'/!  Is  the  rate  constant  for  chain  transfer. 

£y  chain  transfer  Is  meant  the  process  by  which  one  molecule  (atom, 
radical)  of  intermediate  product  reacts  with  starting  material  to  give  the 
final  reaction  product;  tire  active  intermediate  is  regenerated. 

The  rate  of  chain  transfer  is  not  included  in  eq'uation  (51j26)  because 
uu-a  reacu-on  does  not  alter  the  quantity  of  active  intermediate.  It  is 
formed  as  fast  as  it  is  consmed.  Hor/ever,  the  rate  of  chain  transfer 
multiplied  by  the  concentration  of  active  intermediate  does  determine  the 
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rata  of  tiio  overall  process  for  the  conversion  of  startdng  materials  into 
iin'al  reaction  products. 

Tho  parameters  '/Jo,  f,  and  g  depend  on  the  concentration  of  the  starting 
materials  and  change  slowly  as  the  reaction  progresses.  ConsecLuently, 

according  to  equation  (.5X^27),  the  parameter  x  changes.  lienee  it  should'not 

really  he  celled  stationary  concentration  of  tho  intermediate,  but  a  quasi- 
statLonaxy  one.  However,  the  initial  change  in  the  parameter 'x,  (i.e.  until 

^  4 

it  reaches  its  quasi-statlonaiy  value)  occurs  in  a  short  time  during  viiich  the 
concentration  of  tha  starting  material  does  not  undergo  a  notable  change. 

It  Is  Icnovn  from  the  theory  of  chain  reactions  that 

?  4 

and  ./ —  il  *  / 

»here  2  Is  the  probability  of  chain  xtpture,  ^  Is  the  probability  of  chain 
branching,  and  A,  Is  the  average  time  between  two  successive  reactions  in  the 
chain. 

By  carrying  out  the  respective  substitutions,  and  by  considering  that 
the  rate  of  reaction 


we  can  put  equation  (^,28)  in  the  form 

W'=-^  =  «o7. 


The  parameter  j  Is  termed  the  chain  length  and  Is  the  average  number  of 
elementazy  reactions  or  links  In  the  drain  arising  from  a  single  active 
centre  in  unit  time. 

With  />g  a  non-statlonary  reaction  Is  obviously  obtained.  In  this 
case  ^>0. 


Putting  f—g'=‘<f  t  'f®  'til®  equation  (51>26)  in  the  following  foias 

,4r  =  'p(^+Y)-  ,  _  (51,33) 

Integi-ation  of  this  equation  gives 


(51,31) 


Tor  times  greater  thm  --  the  concentration  of  active  product  and  the 
reaction  rata  will  Increase  e^^nenttally  with  time,  i.e.  at  a  rate  proportloni. 
to  e*‘. .  The  initial  period,  whan  the  active  product  concentration  and 
reaction  rate  are  small,  is  the  induction  or  chain  origin  period,  its 
length  is  of  the  order  of  j  . 

If  we  dxange  the  reaction  conditions  in  such  a  way  that  the  parameters 
g  and  1  change,  then  at  g>=f  change  in  the  character  of  the  reactioa 


will  occur  >  a  transition  from  a  stationa^  to  a  non-statlonaxy  system.  Ihiis 
the  oritexion  that  is  the  condition  for  chain  auto-lgoltion. 

Vs  have  diacusaed  the  case  in  ^loh  only  one  active  intermediate  product 
talcea  part  in  the  reaction.'  VJhen  several  intermediate  products  take  part  in 
the  reaction  the  reaction  can  become  much  more  oomplex,  but  the  principal  of 
the  diagram  doea  not  change. 

It  follows  from  the  theories  discussed  that  auto-acceleration  and  Ignition 
of  a  gas  mixture,  in  >hich  a  chain  reaction  is  taking  place,  can  occur,  not  as 
a  consequence  of  self-heating,  but  as  a  result  of  rapid  chain  branching.  It 
is  necessary  to  bear  In  mind  that  the  increased  rate  of  a  chain  reaction  may 
in  its  turn  lead  to  heating  of  the  mixture,  thus  providing  the  orereauislts 
ibr  an  auto-ac.celerating  reaction.  This  is  because  ell  the  parameters  of  a 
chain  reaction  -  the  probability  end  rate  of  chain  branching,  the  number  of 
active  centres,  "the  rate  of  Ihe  chain  reaction  -  depend  extremely  strongly 
on  the  toaperature. 
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?lg.l20.  HelatLon  betweeu  the  ignition  concentration  ILnlts  and  the  initial 
temperature. 

Combustion  of  a  gaseous  mixture  is  not  possible  at  any  percentage 
composition.  Iben  tie  composition  is  changed  boundaries  will  be  reached 
outside  iithich  it  is  not  possible  to  cause  a  diffused  flame  to  arise  even  ^th 
a  very  powerful  spark.  These  boundaries  are  called  concentration  limits. 

The  lower  limit  arises  from  a  deficiency  of  oxygen  in  a  mixture  with  an  excess 
of  the  combustible  component. 

.  Concentration  limits  depend  on  the  experimental  conditions.  With 
increasing  power  of  the  initiating  impulse^  of  the  initial  temperature  or 
pressiure  of  the  gaseous  mixture  the  concentration  limits  are  pushed  farther 
apart. 

The  relation  between  the  concentration  limits  and  the  initial  temperatures 
fbr  mixtures  of  carbon  monoxide  (curve  ,J)  and  hydrogen  (curve  2)  with  air  are  . 
shown  in  Fig.120. 

,  I 

It  is  evident  from  the  figure  that  as  the  initial  tenperature  is  decreased 
the  upper  and  lower  limits  appiuach  one  anotlier,  and  it  is-  evident  that  they 
vd.ll  coi-.oide  at  some  particular  temperatiwe.  This  will  evidont]..7  correspond 
to  the  mixture  most  likely  to  ignite  in  the  conditions  given. 
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The  ciiangG  in  canconti-atioii  limitB  with  pressure  is  described  by  tiie 
curve  shown  in  Fig.  121. 

It  is  evidaat  fiom  the  curve  that  the  concentration  liuilts  are  narrowed 
as  the  pressure  is  decreased,  sad  on  reaching  sorio  niniraun  pressure,  po  j  the 
mixture  becomes  completely  unuble  to  b'orn.  inis  pressure,  po  >  cerrospe.'.ds  to 

the  most  favourable  ratio  of  components  in  the 
mixture.  The  explosion  rs^oa  at  a  given  tempoi-a- 
ture  is  delimited  by  the  curve  acb. 

The  concentration  limits  also  depend  on  where 
the  gas  Is  Ignited.  Ihen  the  gas  is  ignited  from 
below,  l.e.,  when  the  flame  spreads  upwards,  the 
concentration  limits  are  always  wider  than  when  the 
flame  spreads  do'itfnv;ards.  This  is  explained  by  the 
fact  that  the  flame  cannot  move  downwards  when  Its  rate  of  diffusion  is  slower 
than  the  rate  of  convention  of  the  hot  combustion  products.’  Such  a  ratio  of 
rates  is  established  close  to  the  concentration  limits.  From  the  point  of 
view  of  safety  techniques  It  is  natural  to  consider  as  the  index  the  possibility 
of  Ignition  within  'the  concentration  limits  with  a  spread  of  the  flame  from  the 
bottom  upwards. 

Concentration  limits  for  mixtures  of  various  gases  and  vapours  with  are 
are  dted  in  Table  80  (data  from  Lewis  and  Alba) . 

The  concentration  limits  cited  In  Table  80  v/era  determined  at  atmospheric 
pressure  and  room  temperature  with  upward  spread  of  the  flaise  in  tubes  with  a 
diameter  of  10  cm.  or  more. 

concentration  limits  are  determined  not  only  by  tae  concentration  of 
components  in  the  gaseous  mixture  but  also  by  the  diameter  of  the  tube. 

Expansion  of  ’die  concentration  limits  is  observed  in  tubes  with  dianetsrs  of 
up  to  5  same  mixture  will  buirn  in  a  wide  tube  but  not  in  tubes  whose 

diameters  are  smaller  than  a  critical  value.  This  phenomenon  v/as  disocivered 
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Fig.121.  Relation 
betv/een  igni-tion  con¬ 
centration  limits  and 
the  pressure. 


by  Davy  in  l8l6  and  was  the  basis  for  the  constjmction  of  the  miner's  safety 
lamp,  in  viiich  a  copper  gauze  wl'ch  small  holes  prevents  spread  of  the  fLame 
from  -the  interior  of  the  lamp  into  the  atmosphere  of  the  mine. 

Tabic  cO 

Concentration  liinits  for  mixtures  of  gases  and  vapours  wdlii  air. 


Substanot 

Foricula 

Conoentration  liait&j 
% 

;  lev  or- 

upper 

Kydroaen  . 

(.00 

74.20 

Cai'boD  fiionqxlde . .  . 

CO 

12,50 

74.20 

Carbon  dioulphido .  .  •  . 

CS. 

1.25 

50.00 

Hydrogen  eulpbide.  .  . 

HjS 

4.5.50 

Assionln  ............. 

NM, 

1,).50 

27.00 

.Ifothano . . 

CH. 

5.00 

15.00 

fthan.  . 

CjH„ 

3,22 

12.4,5 

Dthyleno'  .  . . . 

C,H. 

2,75 

28.60 

Acotyl.a.' . 

C.l-L 

2,50 

80.00 

S'o-tKf.r.ol  ......... 

CH.O 

6.72 

36.50 

"  .  -nol  . .  . 

C.H,0 

.  3.28 

1S.‘)5 

;.»i)thyl  ethor  . '  ;  .  .  . 

C.H.vO 

1„S5 

35.50 

Movhyl  athyl  .thtr  . 

C„H,0 

2.00 

10.10 

Aeabonc . . . 

■C,H,;0 

2..55 

12.50 

Bor.zono . . 

■  ■ 

1.41 

6.7') 

Toluene . 

C,H, 

1.27 

6.75 

Xylan.  .  .  .  ; . . 

CiwNio 

1.00 

7,00 

Blchlono.thano 

CfH.CI: 

6.20 

15.00 

The  origin  of  ooncentratLon  limits  is  heat  loss  to  the  surrounding  space 
by  heat  conduction  throu^  iiie  walls  of  the  tube  and  beat  loss  by  irradiation. 

'When  a  deme  is  spreading  through  a  narrow  tube  the  limit  of  dissemination 
is  connected  v.l{h  heat  conduction  at  the  walls.  The  concentration  limits 
beyond  vMch  spread  of  a  flame  Is  ij  ..jiHe  In  a  vesswl  of  any  diameter,  is 
caused  in  its  turn  by  radiative  heat  loss. 

Zel'dovlch  developed  the  theory  of  the  limits  of  flame  spread. 

^2.  Combustion  of  Gases. 

Study  of  the  processes  of  combustion  in  gaseous  mixtures  have  been  based 
nrincipaJ.T y  nn  +>io  cf  phctcgraphic  metbede,  Thw  “f  fltunes  may 

be  carried  out  directly  or  by  shadow  or  Schlioren  methods  which  are  based  on 
differences  in  density  between  the  non-combusted  mixture  and  the  products  of 
combustion.  ■  Direct  photography  is  possible  when  the  luminesceiit  intensil^r  of 
the  flame  is  sufficiently  groat. 


The  combustion  of  gaseous  mixtures  may  occur  in  very  different  v/ays 
according  to  tho  expeiimental  conditions.  li^  mbustioa  of  'che  mixture 

occurs  at  constant  pressure,  the  ilamo  is  observed  to  spread  uniformly  at  a 
constant  rate.  Tl'j.s  type  of  combus'iicn  can  be  brought  about  by  igniting 
tho  gaseous  mixture  at  the  open  end  of  a  tubej  in  this  case  a  continuous  ' 
equalisation  to  atmospheric  of  the  pressure  at  the  flame  front  occurs.  This 
condition  ( p  =  const)  is  observed  in  the  cone  of  a  biuisen  burner  flame,  in 
which  spread  of  combustion  also  occurs  at  a  constant  :  :tQ. 

A  uniform  rate  of  flame  diffusion  cax^  also  be  brought  about  by  the  soap 
bubble  method  (Stevens'  method).  A  spherical  flame  front  is  formed  by  spark 
ignition  of  the  gas  in  a  soap  bubble.  As  the  flame  front  diffuses  the 
diameter  of  the  bubble  increases  as  a  result  of  the  diffusion  of  combustion 
products.  Because  the  resistance  of  a  soap  film  is  very  small,  the  expansion 
of  gases  and  the  whole  diffusion  process  goes  at  an  almost  constant  pressure. 
The  rate  of  diffusion  of  the  flame  in  space  Is  a  combination  of  the  rate  of 
diffusion  of  the  reaction  zone  relative  to  the  gas  and  the  movement  of  the 
e]g>andlng  gases. 


S([uar9  of  the  solefraotlon  of  CO 
fa’l  _ ..  (o)' 


Plg.122.  Relation  between  the  rate  of  flams  diffusion  (a),  or  the  rate  of 
combustion  (b)  and  the  composition  of  a  gaseous  mixture. 

The  experimental  results  of  various  authors  showed  that  the  rate  of 
combustion  of  gaseous  mixtures  depended  strongly  on  the  concentration  of 
tho  oomponmts.  Rxemples  of  this  are  shorn  in  Ilg.  122  and  123. 


To  give  the  curves  a  more  syirjnetrical  C.e  abscissa  in  Fig,  122 

is  given  in  tenas  of  tho  square  of  the  noiofrac'tion  of  CO  in  the  r.'.ixture. 
These  data  apply  to  icoist  rrdxturos  of  CO  cud  O2J  the  nolcfrac'dcn  of  H^O 
is  C.053«  4.cod.i)ii-ura  i'utes  of  cosibuotion  for  CO  ceed  CH.i  lie  in  the  con¬ 

centration  region  close  to  a  stoichicnetric  ratio. 

Tho  effect  of  small  concentrations  of  v/ator  on  the  combustion  of  a 
stoichiometrie  mixture  of  CO  and  O,  is  ehoun  in  Fig.  124,  from  i\4iich  it 
can  be  seen  'iiat  negligible  .pu.'nf  .es  of  v/ater  vapour  ..cad  to  a  very  sharp 
increase  in  the  rate  of  flame  diffusion.  This  is  in  agreement  vith  the 
catalytic  role  of  water  vupo’or.  Water  vapour  appears  to  have  no  effect  on 
the  rate  of  combustion  of  a  methane  mixture. 

The  rate  of  diffusion  of  a  flame  depends 
markedly  on  the  tube  dimeter.  The  corres¬ 
ponding  data  fbr  a  mixture  of  methane  and  air 
are  shown  in  ilg,  I25. 

The  greatest  values  measured  correspond 
to  a  tube  dimeter  of  almost  lOQ  cm.  From 
the  shape  of  the  curve  a  rapid  cessatlcn  of 
the  rate  of  growth  would  not  be  expected  on 
further  increasing  the  tube  dimeter.  This 
phenomenon  can  be  explained  by  the  fact  that  as 
the  tube  diameter  is  increased  idie  flame  front 
is  distorted  by  convection  currents.  As  a 
result  the  combustion  surface  is  considerably 
increased  and  this  is  a  continuous  cause  for 
an  increase  un  flame  velocity. 


Fig,122*  Relation  between 

rritf*  nf  ficrnhiiR-M  rn  r.'/'o  -l-l'n 

conoentratioa  cotiposition 
of  &  gaseous  mixturo. 


As  a  result  of  working  up  e:ipdrinien'tal  data  Coward  ar.d  Hai'twell  sliov/ed 
tJaat  5f  the  tuba  diaaietor  is  greater  than  a  critioju.  value,  then  the  veloeuuj- 
of  the  flane  (defined  as  the  volur.o  of  gas  burned  in  unit  tiiee  at  unit  surface 
of  the  front)  remains  unchanged  as  the  tube  diameter  changes. 

The  experimentsd.  results  cited  have  a  simple  theoretical  explanation. 

The  basic  la\«of  conbustion  in  a  moving  gas  were  estahLished  by  Michelson 

in  his  work  "The  normal  veLocity  of  combustion  in  explosive  gaseous  mixtures”. 

0 

According  to  this  law,  if  the  normal  to  the  surface  of  the  fleme  front  is  at 
an  angle  '9  to  the  direction  of  dii'f'usion,  than  the  rate  of  diffusion  of  'nic 
flame  increases  in  inverse  proportion  to  cos  9'  .  If  the  rate  of  diffusion 
of  the  flat  front  of  the  flame  relative  to  the  non-moving  gas  in  a  direction 
perpend! etilar  to  its  surface  is  w,,  then  the  velocity  u  of  the  flame  in  the 
direction  of  its  diffusion  will  be 

®  =  (52,1) 

The  relation  (52*1)  is  known  as  the  cosine  law.  w  Is  known  as  the 
nomal  or  fundamental  rate  of  diffusion  of  the  flame. 

The  area  rate  gives  a  more  general  formulation.  It  is  used  for  the 
curved  flame  front  as  well  as  planar  ones.  It  follows  from  this  rule  that, 
fbr  any  size  of  flame  front  surface,  the  rate  of  diffusion  increases  as  the 
ratio  of-surfacenof  the  flame  front  to  Its  projection  on  a  plane  perpendicular 
to  the  direction  of  diffusion. 

Let  a  flame  diffuse  in  a  tube  of  cross-seciicnal  o  at  a  v^ocity  v. 
The  \olume  of  the  mixture  being  burnt  in  unit  time  will  be: 


V^^va. 


0  m  m  0,06  m  m  oj2  o.}^ 

Molar  fraction  of  vator  vapour 


Fig.124.  Effect  of  vater  vapovir  coacentration  on  the  rate  of  flame  diffusion. 


Tube  diaaeier , on , 

Flg.125.  Relation  between  the  rate  of  flame  diffusion  and- tube  diameter 
(methane  and  eir  mixture). 


On  the  other  hand,  at  each  point  on  the  surface  the  flame  front  is  diffusing 
in  a  direction  normal  to  this  front  nt  a  fandamentul  velocity  y.  If  the 
surface  of  any  sort  of  curved  Heme  front  is  designated  S,  then  the  volume 


of  the  mixture  being  burned  in  unit  time  is  described  by: 

=  ws. 


Hence 


V=iW  —  , 
0 


vhlch  is  the  equation  for  the  area  rule. 


(52.2) 


In  certain  oases  of  plsnar  falma  fronts  v/e  shall  have 

o  =  scos9, 

and  uiQ  aroa  i-ulo  v.lll  bo  tran3for;i!od  Inio  'Ine  coaino 

*■'  '.•'•'■‘■al  alziuso-cn  of  xi  *1210  cnaxacol  Cui*ia'u.ata.on  raaw’wCiV 

is  not  auto  catalytic,  iiioa  the  cause  of  fLame  diffusion  can  only  bs  transfa. 
of  heat  from  the  combustion  products  to  the  mbiuned  mixture.  This  tj^e 
of  fLame  diffuslou  is  termed  thermal. 

« 

A  modal  of  the  distribution  cf  tsnpcrature  in  a  gaseous  mixture  caused 
by  heat  of  reaction  and  thermal  conductlyity  is  shorn  schcmiatically  in  Iig.126. 

.  According  to  this  scheme,  chemical  reaction  (the  conbxistion  zone)  begins 
ov^y  at  a  temperature  T*  close  to  the  temperature  Tf\  of  coabustion  of  the 
gaseous  mixture.  In  the  zone  limited  by  the  temperatures  T.  and  Ta  (the 
initiel  temperature  of  the  starting  naterials)  reaction  proceeds  so  lowly 
tiiut  heat  e-volutlon  cen  be  ne^ected.  In  this  case  the  vdLdth  of  this  (the 
heating  zone)  can  be  detexmined,  starting  from  the  dlfferentisl  equation  for 
thezmal  conduction.  For  the  one  dimensional  case  this  has  the  fora 


cdT 


iin 


di  djfl 


(52,3) 

vhere  c  is  the  volume  heat  capacity  and  q  is  the  coefficient  of  thermal 


conductivity. 


1# 

Caiibuattong^ 
jroduot 

Starting 
*6n«  I  Srtur* 

„  Kj-i'jO _ I 

'Combu^tioa  zond'  J 

Flg.126,  Temperature  distribu¬ 
tion  in  a  burning 
gaseous  mixture. 


The  solution  of  equation  (52,3) 
the  form 

’  l/dB 

.  .  (52,<=) 

there  u  Is  the  z-ate  of  flame  diffusion, ' 
N  i.8  a.  constant  determined  by  the 
boundary  conditions,  e^d  n  is  the  ratio 
of  the  thermal  conductivity. ‘to  the  volu-s 


heat  capacity  end.  is  called  the  coefficient  of  temperature  conductivity 


‘/V3 


'  C52,5) 

vdiere.p  Ls  -the  mean  denaity  of  the  gas  in  tho  temperature  ra:’.gc-  diecu;>ecd. 
Because  at  j(  =  ^  T—Tf,  ,  and  at  x~Q  T  =Tv  ^  then  N  >=Tu  —  Tq  a;‘.d 
(52,4)  may  be  changed  into  the  fora 


N  7-,- 7-0  »J!i 
_ — e  f' , 


(52,6) 


Lviuation  (52,6)  makes  it  possible  to  judge,  the  order  of  the  width  of 
the  layer  in  vbich  heating  is  importait.  IThls  equation  was  first  obtained 
by  Michelson. 

If  as  a  scale  for  the  vddth  L  of  the  zone  we  take  the  distance  in  wliich 


IsaJis=— 3- 
u  Cf  fa-' 


(52,7) 


Substituting  in  (52,6)  the  corresponding  constants  for  a  temperature  of 
about  500®,  we  find:  L  »  0,06  cm.  for  a  mixture  of  methane  and  air  ( «  - 
5  ea/sec.)  and  L  «  0,0003  cm.  for  the  e^^lOBive  mixture  2H|j  +  0a  (ms  IQOO  cm/sec). 

In  both  cases  the  width  of  the  heating  zone  is  mai^  times  greater  than 
the  free  path  of  a  molecule.  As  a  demonstration  it  is  sufficient  to  substitute 
into  (52,7)  the  molecular  kinetic  expression  for  coefficient  of  thermal 
conductivity 

■n  =  jc,ph:', 

whore  A,  is  the  length  of  the  free  path  of  the  molecule  end  V  is  the  mesn 
velocity  of  thermal  motion  of  a  molecule. 

The  parameter  c'  is  of  the  order  of  the  velocity  of  sound  in  the  gas,  co- ; 
both  these  parameters  are  proportional  to  V¥, 

Thus,  according  to  the  order  of  parameters 


3  u 


For  our  examples  '  c'^u. 


(52,3) 


Using  the  corresponding  ratio  of  the  kinetic  •thoori'’  of  gases  it  is  easy 
to  establish  in  a  goieral  forn  the  connection  betv,'eea  the  I'ate  of  flcune 
diffusion  and  the  speed  of  sound  in  the  .gaseous  mixture. 

As  has  been  sifioun  '^a  vddth  of  the  heating  soue  is  given  by  the  relation 


The  vddth  of  the  combustion  zone  Lr,-  l.e.  the  zone  in  which  on  intense 
chemical  reaction  is  occurring  (see  flg.l2£)  vdll  be 

Lr  =  lf^,  (52»9) 

vhen  T  is  the  time  of  a  chemical  reaction. 

It  is  evident  that  Ar  cannot  be  longer  than  L  \  In  fact  the  combustion 
zone  la  always  smaller  than  the  heating  zone.  To  observe  its  size  it  is 
necessary  to  conclude  that  U  and  fare  proportional: 

’a,.  =  ‘I>Z.,,  (5,2;>10) 

vhere  the  coefficient  <I><I  and  depends  on  the  reaction  kinetics  and  the 
teaperatures  Tc  end  Tc  * 

6y  simvltiuneous  solution  of  the  equations  (52>9)  and  (32,10)  we  obtain 
an  e^qpressLon  for  the  rate  of  fleme  diffusion: 

a  =  '  (52, U) 

If  i  is  the  length  of  the  ft’ee  path  end  i  is  the  average  number  of 
collisions  necessary  ibr  an  elementary  act  of  the  chemical  reaction,  then 
the  time  Ibr  the  chemical  reaction  is- 

(52,12) 

vhere  c'  is  the  rate  of  motion  of  the  molecules  and  Xf  is  the  means  of  intro¬ 
ducing  the  molecvilar  thermal '  component  by  means  of  vMch  it  reacts. 

Replacing  t.  by  its  value  from  equation  (32,12)  and  the  coefficient  of 
tenperature  conductivity  by  its  molecular  kinetic  expression,  ve  get  the 
formula  (52,11)  in  the  form 


iji/S' 


./*T  7  (52,13) 

v^ero  c  is  the  apeed  of  sound  in  the  combustion  zone,  and  9  le  a  dimension¬ 
less  factor  smaller  than  unity. 

A  very  Important  osnduslon  follows  from  formula  (32,13)  •  rate  of 
flame  diffusion  during  combustion  is  always  many  times  smaller  than  the 
speed  of  sound.  Ihls  is  because  the  rate  of  energy  transfer  in  a  gas  by 
thermal  oonductlrLty  is  smell  compared  to  the  rate  of  diffusion  of  elastic 
vibrations. 

The  Ze3.«dovlch  end  Frank-Kamenetekil  theory  of  combusUon.  These  authors 
constructed  their  theory  starting  ftom  calculations  on  the  relation  between 
the  rata  of  chemical  reactions  and  the  temperature  and  the  concentration  of 
reacting  substances. 

The  concentration  of  reactants  at  the  flame  front  will  change  as  a  result 
of  the  chemical  reaction  and  of  diffusion.  To  oalculate  the  rate  of  diffusion 
in  thermal  dissemination  of  a  flame,  it  is  necessary  to  find  the  connection 
between  the  temperature  end  the  concentration  of  reactants  in  the  flame  zone. 
This  ootmeotion  can  be  defined  by  a  simultaneous  discussion  of  the  equations 
for  thermal  conductivity  and  difftrsion  applied  to  stationary  diffusion  of  a 
flame. 

With  the  assumption  that  the  coefficients  of  thermal  conducidvity  and 
diffusion  are  independent  of  temperature  these  equations  talce  the  form 

+  (52,14) 

, _ s 

(thermal  asnductivltgr  equatioa).  Her©  Q/iii) Ze~ =  F (T)  is  the 

s 

volume  rate  of  heat  evolution,  f{n)Za~~^  is  the  rate  of  chejaical 
reaction,  and  m  Is  the  coefficient  of  temperature  conductivity. 


ij 


(52,15) 

(dijTfusior.  equation)  where  D  is  the  diffusion  coefficient  and  n  is  the 
’ concentration  of  reactants.  The  boundary  conditLons  for  these  aquations 
are:  atjt  =  +  oo,  T^Tr  and  n  ■»  0,  and  at  x  =  —  00  ,  T  <=‘Tq  and  n>^  I , 
From,  the  kinetic  theozy  of  gases  it  is  known  that,  if  the  solecular 
of  the  reactants  and  products  are  closhly  similar,  the  coefficient  of 
temperature  conductivity  is  close  in  value  to  the  coefficient  of  diffusion. 
If  the  di'fference  between  these  parameters  is  neglected  equ..’i.ons 
end  (52,15)  are  the  sane.  A  simple  transformation  makes  this  dear.  Par 
this  we  introduce  into  'equation  (52,14)  the  identity 

■  ft  =  7’,-7’.  _  (52,16) 

Then  equation  (52,14)  takes  the  form 

-  S  -!-«  £  ^-7-/(«) =  0.  (52,17) 

The  boundary  conditions  arei  at  x=»~,oo  ,  e=T,— r^j  at  r  =  +  8  » 

^  laa  0  » 

If  equation  (52,15)  Is  multiplied  by  — it  takes  the-foxs 


e  ix 


pe 


(52,18) 


Introducing  the  new  transformation  X  = « Into  equation  (52,l8)  we  obtain 


Ip  +‘-^/(")  = 0. 


'  dx~  pc 


(52,19) 


'  With  D  =  v  this  iP  identLcel  vdth  (52,1?). 

The  boundary  conditions  for  equation  (52,1?)  are:  at  .Pf==— 00, 

.  atAf  =  +oo  ,  X  =  0. 

Assuming  that  Const.,  we  get  ■.■^=T'r—Ta  and  the  boundary 
conditions  if  equation  (52,19)  coincide  exactly  with  those  of  equati-on  (52,17) 
and  consequently 

vy? 


(52,20) 


or. 


v^oace 


.  ,  •f/z  =  (r,-7’o)«=rr^7’, 


n  =  - 


(52,21) 


This  equation  Inmedlately  ^ves  the  conoentration  of  the  reactants  at 
a  p9int  idiere  the  tanperature  is  T,  The  contents  of  formula  (32,21)  can 
he  fomulated  as  the  ooncentratlon  end  tauperature  fields  in  the  flame  sene. 
It  is  fulfilled  v&en  the  rate  of  the  chsoical  reaction  depends  only  on  the 
Conoentratlon  of  substances  vhich  are  related  to  one  another  by  a  sin^e 
etoichiomstric  ratio,  end  on  the  temperature. 

Having  established  the  connection  between  the  reaction  concentration 
end  the  taaperatura,  we  can  in  future  limit  our  discussion  to  a  sin^e 
differential  equation,  e.g.,  the  thermal  conductivity  equation. 

We  shall  write  the  general  thermal  conductivity  equation  in  the 
fbllbwing  form: 


dT  dT'ddT.Bi’r\ 

dx~‘p^'dr^  dx'^  (52,22) 

vhere  f  is  the  volume  rate  of  heat  evolution. 

Using  the  relation  between  the  reactant  concentration  and  the  temperature 
according  to  (32,21),  one  can  put  the  rate  of  chemical  reaction  (Arrhenius* 
Law) ,  and  consequently  the  parameter  as  functions  of  a  single  temperature. 

kcL  intensive  chemical  reaction  occurs  in  a  narrow  chemical  range, 

Q  =  T,r~T^  ,  as  ahovn  in  51g.  126.  The  heat  evolved  by  the  reaction  is 
used  in  heating  the  reacting  mixture  itself  and  in  heating  fresh  mixture 
from 'To  to  To. . 


The  term  ei^iemcliture  at  boat 

in.  raising  the  temperature  of  liie  reaction  mixt'ure. 

The  term  -4~n-^  is  the  lo  *ss  cif  .neau  or»^tir.» 4.  conai^c  * 

dx  '  dx 

Because  the  temperature  interval  in  •which  ti^ie  reaction  goes  is  narrov/ 
(0'<7':  —  To)  we  can  justifiably  neglect  the  use  of  heat  in  heating  the 
reacting  mixtare  in  the  reaction  zone;  equation  {^2,22)  then  takes  the  form 


=  C32>23) 


The  •thezmal  conductivity  in  the  reaction  zone  can  be  counted  as 
practically  constant. 

The  solution  of  this  equation  has  the  form 


F(T)dT. 


(52,24) 


If  we  neglect  the  use  of  heat  in  heating  the  reacting  raixture  itself, 
then  all  the  heat  of  reaction  is  dissipated  by  thermal  conductivity. 

Equating  this  heat  loss  from  the  reaotioD  zone  vith  the  total  beat 
evolved  in  the  flame  in  •unit  time,  ve  have 


(52,25) 


there  Q  is  the  volume  calorific  capacity  of  thr  iuh'^ture,  and  'up  is  the 
mass  velocity  of  the  flame. 

Comparing  aqiaations  (52,24)  and  (52,25)  wt.  m\-  as  the  final  equation 
for  the  flsmd  velocity; 

»==^'P/  2v  f  F(T)aT.  (52,26) 

’-V  I 

Cadovnikov  compared  the  rates  of  combustion  of  e:;q}losive  mlx-tures  of 
carbon  monoxide  and  air  diluted  vdth  combustion  products.  The  dilute 
mixture  was  heated  beforehand  so  •that  the  temperature  of  combustion  v/ould 
not  differ  from  that  of  an  undiluted  mixture.  This  eaperiaent  confircied 
with  satisfactory  precision  the  relation  obtained  from  the  theory,  ■«pQ=  const. 


The  parameter  F{T)  in  equa'iion  (52,26)  can  bo  oJipressed  in  tiie 


F{T)’=  Qti”‘Zc 


viiera  ,/i  is  tha  relative  concentration  oT  the  reactcu-rc,  ur.d  m.  is  the  orfioi’ 
of  the  reaction. 

If  in  (52,27)  n  ia  expressed  in  terms  of  the  teaperaturo  as  in  (52,21) 

'  E  T  ^  T  ' 

and  a'M’  la  resolved  into  a  series  of  degree  —  ,  and  we  take 

into  acoavint  only  first  order  terms  (this  is*  jusUfiable  because  the  reaction 

rate  Is  only  large  enough  vdth  7  close  to  Te),  then  ve  obtain 


FCn^Q 


Ze 


Heklzig  some  flxr'didr  oompliications  and  taking  account  of  the  fact  that 
at  the  lower  integration  limit  the  reaction  rate  becomes  negligibly  small, 

we  get  after  integration  of  (52»26) 


/li  2/)il  ^  /*” 

V 


\2ml 


(52,28) 


Where  0f=r,^(7'p— r#),  ijp  -  is  the  coefficient  of  thermal 

^  /  V 


conductivity  at  temperature  y,.,  '  t,  is  the  charaotexistic  time  of  the  reaction 

at  temperature  7r  end  the  initial  concentration  of  reaction  products 
(reciprocal  of  .the  maidmum  rata  of  reaction). 

Since  the  rate  of  reaction  is 

vhere  no  is  the  concentration  of  reactants  In  g/aa^,  then 


-hTp 


E 

_L«  J_ 

'r  ■  ' 


(52,29) 


In  deducing  the  above  result  wo  started  from  the  condition  that  the 
rate  of  reaction  at  the  initial'  tcanperature  To  was  negligibly  small.  When 
this  condition  is  not  observed  a  stationary  diffusion  of  the  flame  would 


become  qxdte  imposaible,  because  at  any  point  the  mlxt-ore  would  have 
reacted  before  the  £3  e  front  ai*rived.  The  above  conditions,  vfci&o 
arise  from  the  Arrhenius  law,  con  be  quantitatively  formulated  thus; 

Substituting  values  of  6  and  in  equation  (52,28)  «nd  taking  into 

accomt  that  Cp(T'r—Ta)—Q  (when  Cj,  =  const.),  ws  obtain  the 

corresponding  equations  for  the  rate  of  flsue  diffusion: 


Ze 


Ji 

'JIT. 


V  A  / 


(52,33) 


for  first  order  reactions,  and  for  second,  order  reactions 


iMiS— __ 

(T f—T  (,)' 


Z,  *■  (HT'iY. 

• 


(52, 5L) 


Belyaev*  s  ejqierifflants  on  the  combustion  of  methyl  nitrate  end  nltxo- 
gfLyool  (in  the  vapour  phase)  oonfixm  the  results  of  this  theory  wall. 

The  Important  relation  between  the  flame  velocity  and  the  temperature 
according  to  (52,33)  and  (52,32-)  is  connected  with  Arrhenius,  law  of  chemical 
reaction  rates,  vhloh  states  that,  to  a  first  approximation 

(52,32) 


Consequently  there  should  be  a  linear  relation  between  Igu  end  y 
The  results  of  working  up  the  data  of  Passauer  and  Sadovnlkov  (onCO/air 
mixtures)  are  shown  in  Fig.  127.  They  era  in  complete  agreement  with  this 
requirement  of  the. theory. 

The  relation  between  the  rate  of  flame  diffusion  end  the  pressings  vath 
other  conditions  constant  is  determined  by  the  characteristic  relation  of 
the  chaaicoL  reaction  rate  ond  the  presaure. 


Because 


Igu 

I.S. 


then,  according  to  (52,26) 


r,  ,  .  Fig. 127.  Relation  eetwccn 

(52>3j>)  the  rats  of  conbu.s'cioa  ui'.d 

the  temperature. 

\^ere'  W  is  the  rate  of  the  chemical  reaction,  p  Ls  the  pressure  q£  the 
gaseous  mixture,  and  m  is  •h-e  order  of  the  chemioal  reaction. 

Thus,  for  a  unimolecular  reaction  ■  vAier^as  for  a 

bimolecular  reaction  pu'^.p  . 

Because  the  density  of  a  gaseous  mixture  is  proportional  to  the  pressui’e, 
we  get  for  a  linear  rate  of  combustion 


2J_. 

«-/>•'  .  (52,34) 

»4iich  requires  that  u  should  be  independent  of  pressure  for  a  bimolecular 
reaction,  and  that  -for  a  unimolecular  reaction. 

Ubbelohde  and  £ellik.er’ s  observation  that  tho  rate  of  fl^a  diffusiou 
in  mixtures  of  different  InHammable  gases  (petrol,  beneene,  methahe)  was 
related  to  the  pressure  at  orders  between  p~''‘  and  ,  Corresponded  to 
cheo.icel  combustLon  reactions  of  order  between  first  and  second. 


53.  Combustion  of  Condensed  Exulosives. 

When  e^loslou  of  a  high  e^^losive  or  detonator  is  brought  about  by 
a  thermal  Impulse  the  formatioi.  of  a  detonation  wave  is  always  p;recedsd 
by  a  more  or  less  prolonged  period  of  accelerating  combustion.  Transition 
from  combustion  Into  the  detonation  type  of  e^qploslon  only  occurs  in 
favourable  conditLoas  even  in  the  case  of  non-statlonary  processes. 

The  combustion  of  detonators  is  usually  very  unstable  and  is  easily 

« 

trsnsfonaed  into  detonation.  On  the  other  hand  combustion  of  powders 
proceeds  in  a  vary  stable  manner  and  transition  to  detonation  appears  to  bs 
possible  only  under  special  circumstances  1/010!  5'=^l.dcu  occur  iu  j,u"c.c‘iicc. 


f 


I 


I 


High  ej^jlosives  occupy  an  intermediate  position  betvreea  detonators  and 
pov/ders  in  tlieir  ability  "to  undergo  normal  combustion. 


Tba  combustion  of  hi^  explosives  and  detonators  has  boon  studied 
insufficiently.  It  has  beon  invos'ii gated  principally  at  low  and  constant 
pressures,  dose  to  ataosphoric.  It  has  baea  established  that  most  of 
the  eo^loslves  studied  can  undergo  stable  combustion  at  a  constant  rate  in 


the  defined  oonaitiona,  and  the  rate  was  independent  of  the  longtli  of  the 
charge. 


Andreetr  observed  that  combustion  of  the  explosives  under  discussion 
usually  occurred  \dth  very  weak  luminescence  In  a  gas  layer  vhich  lay  dose 
to  the  surface  of  the  condensed  phase.  Then  vhat  ho  called  the  combustion 
flame  was  a  resvilt  of  the  combustion  of  hot  reaction  products  in  contact 
'.vith  the  air. 

The  following  factors  can  have  a  considorable  effect  on  the  character 
and  rate  of  diffusion  of  the  eoabustios  processes:  'Uio  properties  of  the 
ej^osive,  the  pressure,  the  initial  temperature,  tire  density  of  the  charge, 
the  diameter  of  the  drorge^  the  thickness  and  the  kind  of  casing. 

The  possibility  of  a  process  and  the  ra-te  of  its  diffusion  are  deter» 
mined  first  and  foremost  by  the  kinetics  of  the  chamical  reaction,  l.e., 
by  the  rate  of  heat  evolution  and  tho  rate  of  heat  transmission  from  the 
reaction  acne  Into  the  starting  material.  The  condition  of  heat  trane- 
mission  with  a  given  reaction  kinetics  depends  on  the  taoraal  conductivity 
of  the  eaplosLve, 

Taat  lead  azide  only  undergoes  a  detonation  tape  of  explosion,  no 
matter  vhai  the  conditions,  can  be  e^lained  by  kinetic  factors.  The  high  . 
rate  of  the  chemical  reaction  in  tire  conversion  as  a  result  of  exceptionally 
rapid  acceleration  loads  to  diffusion  processes  by  heat  trarrsmissioa  being 

y,5^3 


Oil  •tiieacoati'ar}^  if  'iiio  rate  of  a  cheiiiiccl 
experkiiental  conditions  is  snail,  taon  tio  loss 
of  heat  clffasion  to  the  surro'.  loin^-o  •..onld  not 


roacnion  in  £l',on 
of  hoat  in  conseqncnco 
he  I  ^lonsa’cocl  the 


source  of  heat,  liie  piocess  ’lCouIo.  Vo  'un  ^  Wk4l</<iaO  UMsOaA  V-0  OOlvLl^O* 


However,  if  tho  theraal  conductivity  of  tlia  eiqilosiva  is  high,  then 
the  heat  of  reaction  icay  penetrate  into  'tlici  unrsacted  suhstanca  to  a  great 
dop-th,  end  consequently  the  tcnperatujro  in  tlie  conversion  zone  v.'ould  he 
insufficient  to  stimulate  an  intense  chemical  reaction  capable  of  sustaining 
a  saLf-dif fusing  process. 

The  specific  peouliaril^  of  the  combustion  of  high  eo^losivo's  and 
detonators  is  the  possibility  of  physico-chemical  processas  occurring 
simultaneou^y  in  the  condensed  and  gaseous  phases.  In  a  very  volatile 
substance  combustion  piay  occur  excaptionslly  in  the  gas  phase  when  its 
boiling  or  sublimation  tauparatura  is  lower  than  the  temperature  at  which 
the  cheoilcal  reaction  proceeds  at  a  no table  rate  in  the  condensed  phase. 

In  this  case  the  general  character  of  the  oombusUon  will  be  deteiv 
mined  by  two  factors  -  the  process  of  evapo ration  of  &s  condensed  phase 
and  the  conditions  of  developm^t  of  the  chemical  reaction  in  the  vapour; 
heat  from  the  flame  zone  will  pass  to'ths  condensed  phase  through  a  layer 
of  hot,  but  not  yet  reacted,  explosive  vapour  just  us  in  gaseous  mixtures. 
This  type  of  combustLon  is  cdiaractsristlc  for  low  boiling  liqidd  6:q}losives. 
The  combustions  of  a8t!;yl  nitrate  and  nitro^ycol  at  comparatively  low 
pressures  are  typical  examples. 

For  non-volatile  end  poorly  volatile  substances,  depending  on  its 
medianisa,  hie  diemical  reaction  may  occur  either  only  in  the  condensed 
phase,  or  simultaneously  in  the  condensed,  smoke-gas,  and  gas  phases. 

In  the  first  case  reaction  leads  almost  directly  to  final  combustLon 
products,  but  in  .the  . second  case  combustion  is  a  very  complex  process  in 
lAioh  intermsdiatc  rsactions  are  of  definite  importance.  This  typo  of 


roaction  is  tho  aoGt  frequtat  in  practice.  Tj'piccJ.  ejiaapltie  are  tl-.v- 
coatuetion  of  pyrojylin  end 

Pressure  has  the  most  iiUportoKt  offoct  on  the  rate  of  conhusticn 
of  e»'^lo£ives.  As  a  rule  the  rate  of  oonbustiori  increases  with  pressure 
and  at  a  sufficiently  hich  pressure  burning  br^ones  vtnstable  end  clrisn^es 
into  datonatioa. 

i\ercuz7  fulminate  is  the  nost  satisfactorily  studied  of  detonators. 
Patil,  vho  studied  the  ccabusticn  of  non-pressad  mercury  fulminate  in  the 
open  alrj  establl^ed  that  the  process  diffused  at  a  rate  pf  several  tens 
of  aatres  per  second,  that  it  was  unstable  and  changed  in'lo  a  detonation. 
This  la  sxplaLaed  aainly  by  the  assy  diffusion  of  hot  reaction  products  ' 
into  the  pores  of  the  aubstmee,  thus  continuously  increasing  the 
coobustloa  surface. 

A  eyateaatio  inveatigatlon  by  Belyaev  ahowed  that  aercury  , 

had  been  preaaed  into  tablets  (<<  »  4  bs)  *  ^  7  ui)  to  a  pressure  6^ 
about  2000  Kc/cn  without  eases,  was  able  co  undergo  stationary  eombuotioa 
at  atnospheric  pressure  at  a  rate  of  c.  ly  .bau  ’  '-'j  ca/tto.  Analojous 
data  were  obtained  for  some  other  detoa  .to  Selya^  v'a  results  are 
oited  in  Table  81. 

TABI£  61 

Rate  of  oombuatlon  of  some  detonating  exploalves  at  atmospheric  preaaure 


4 

Name  of  explosive 

Density^ 

g/cm 

Linear  velocity 
cm/sec. 

Mercury  fulminate 

3.80 

1.5^ 

Trlnitrotrlazldobenaene 

1.70 

0.6$ 

Dlazodj.nltrophenol 

l.Ji5 

2.15 

1 

Potassium  picrate 

1.83 

1.50 

Lead  stsrphnate 

exploded 

Lead  styphnate  ♦  talc(  I4O/60) 

ii»,5o 

It  was  concluded,  fron  obsenraUons  on  the  combustion  of  detonators 
at  ▼aribus  pressures  below  atmospheric,  that  the  rate  of  combustion  over  a 
wide  renge  changes  aljioet  linearly  with  pressure. 

a^a  +  hp.  (53*1) 

This  elrcuBStenee  is  evidence  of  the  important  part  played  by 
combustion  in  the  gas  phase.  If  the  rate  of  reaction  in  the  gas  phase 
depends  on  the  number  of  collisions,  thas  the  rate  of  combustion  should 
rise  linearly  tdth  the  pressure. 

Results  of  sxperlnsnts  tdth  mercury  Eliminate  end  trinltrotriaEidobmnieDe 
are  given  in  Table  62. 


lUraiuT  fulaiiuU 

Trial  tretrUiidobtai  IB* 

f.  mHc 

«•  m/Atc 

> 

1 

2 

00 

760 

I.S3 

760 

063 

COS 

1.30 

42S 

044 

1.02 

375 

OJS 

m 

0.07 

115 

0.16 

10 

0.40 

40 

0.15 

XiasOS*  RdlttlOd^twan  Ihm  rate  of  eembi^a^fti  nrtWtm 

Zt  is  seen  from  these  data  that  wham  the  preesure  is  deereessd  to 
about  s  tsDth  ths  rats  of  eoabustioD  of  msreury  fblmlBate  is  dsereasad 
to  shout  a  third.  With  a  prassure  of  100  am.  or  Isos  ths  rats  of 
oombustien  is  prsotieslly  ind^iendmit  of  prossuro.  A  oiallsr  psttan 
is  obssnrsd  for  trimitrotriasidobenseno. 

On  the  basis  of  ihcas  and  other  observations  Balyasv  that 

rsactioos  in  ttis  oondenasd  phasa  playsd  an  iaportsnt  part  in  ths 
eoabustion  of  dstonstors  sod  espseially  of  atrouiy  Aalninsts.  Ihs 
intsynediats  piodnsia  of  neroury  fulalaato  formod  as  ths  rssult  of 
prinsiy  rsaetions  rsaet  oven  at  conparatlTsly  lov  tsmpsratoras  ia  ths 
■as  phsssi  thass  rsaetions  have  a  dataimlnlB*  m  qf 


raaetloa  at  praasurea  cloaa  to  ateoapherle.  At  low  prassurea, 
eonsldarabljr  lowar  than  ataoapberle,  tha  Initial  reaction  in  the  oondanaad 
phaae  playa  a  datenining  role.  Thla  ia  oonfirBad  hy  the  fact  that  tha 
rate  of  eoatauatlon  ia  practically  indapandant  of  praasure  undar  tfaeae 
oonditloBa.  However,  the  initial  reaction  in  tha  eondanaed  phaae  cauaea 
the  deooBpoaition  of  only  part  of  the  aereury  lULainete  (10  to  209(} ;  the 
reat  aolatUlaea  tadaoDapoaed. 

A  oharaeteristie  feature  of  typieaL  datonatora  ia  their  ahility  to 
hum  la  a  atahle  Banner  at  very  low  preaaurea.  Homal  ooataustlen  of 
trial tarotrlaaidobenBaae  is  not  dlaturbed  eran  at  preaaurea  below  10  an. 
Muxwner  and  Sehuaadier  observed  a  atable  auto-diffbsloa  reaotloB  In 
ooBpreaaad  aeroury  fbAalnate  in  high  vaouua  (p‘  «  O.OO3  bb.  Hg.) 

Systeaatic  experiaanta  on  the  ooabuation  of  hiA  eaploaivew  at  various 
preasures,  ttom  2  Ig/oa,^  domwarda,  were  easvled  out  by  Andreev.  Be 
observed  that  the  relation  between  tha  rate  of  coabusUon  and  tha  presaure 
was  the  sane  for  aost  of  tbs  ahbatacoea  as  far  detonators.  The  results 
of  sons  of  these  experiaanta  era  glvan  in  Table  83* 

TABLE 


~  r  y<.  TTJkr  ^  •w^'  4  tj  i*  •  ^  «  \m‘}w 


Explosive 

«-a+M  (oa^seo) 

Methyl  nitrate 

MitroBLyool 

Hexsogen 

Tetryl 

0.006  *  0.102  P 

0.003  0.023 

0.009  0.03  j> 

0.011  0.034  P 

1b  all  1h«8«  nqparlBAU  eoakuatloD  of  Iho  ojploalTO  wma  earriod 
out  iB  a  ifLaae  tub*  (  wm)  wfaleh  uaa  plaood  tmdor  the  boll  of  a 

TaouuB  pnap. 

Ob  tha  baaLa  of  thaaa  data  It  can  ba  ooneliidad  hlgli  asqploalToa 
eoDAdarabl/  aora  alowlr  ttiaa  datanatora.  Vta  paraaatar  'b  la  eonaldarablj 
largar  ibr  tha  lattar  than  for  tha  foraar*  Ihua,  aeeordl&s  to  BaljraaTy 
a  m  0.4  aad  b  m  i.i  fbr  aareuijr  Ailalaata.  Ihia  aaaaa  that  tha 
aoealaratLoB  of  eoahuatioii  tadar  tha  iaHuanoa  of  prooaaa  proeaada  oob^ 
aldarahly  aora  alotdy  1b  hltfi  axploaivaa  thm  ia  datoBatora,  baeauaa  tha 
foiaar  ara  o^ahla  of  wdargalBf  atahla  ooabuatioB  (la  tha  abacBoa  of 
faetara  oaialnt  iBoraaaad  aooalaratloB)  at  ralatiaaljr  high  praaauraa. 

1b  asat  oaaaa  ahaa  tha  j^aaura  ia  daeraaaad  balow  aoaa  alnlaua  valua 
BOfBdl  eaahuatlflB  of  a^loaiaaa  baeoaaa  lapoaaihLa  aad  tha  pxoaaaa  oaaaaa. 
lha  lialtlnf  praaaura  dapaada  prlBoipaUy  OB  tha  phyaiae-dhaBloal 
psBpartlaa  of  tha  aaplealTa  «d  tha  aaohaalaa  of  tha  ahaaleal  raaetloB  ia 
tha  ooBbostioB  ma»,  Aoeording  to  iadraaT*a  data  thia  praaaura  la 
29M00  aa.  Bg.  ftr  aitiDglraelf  600  m»  If.  fbr  hakaogaBr  about  400  M.Bg« 
Ibr  pgrroiVliB  Bq.!,  aed  Isaa  ttaa  24  m,  Bg.  for  aitroBljraaslaa. 

lha  ooourraBea  of  a  lewar  praaaura  Halt  fbr  odadaaaad  ajqpleaiTaa  la 
auLdaBoa  Ibr  tha  aapaoiallj  laportmt  rola  of  raaotiooa  la  tha  gas  phaaa 
in  tha  ooabuatLoo  of  thaaa  aubataaeaa.  On  daoraaalBg  tha  praaaura  tha 
raaotlon  rata  aid  tha  rata  of  haat  anolutloB  la  tha  gaa  phaaa  daeraaaa 
oorraq>ondiafl7,  but  hba  rata  of  haat  loaa  la  tha  ooBdanaad  phaaa  ia 
praetledLlj  ladapandvit  of  tha  praaaura  aad  raaaiaa  oaiatant.  It  a 
dafteit*  praaii^  tMa  ofn  load  to  diiturbeiea  at  **l9  thareaX 
aquiAiaixuB  and  eaaaailon  o£  iha  raaetaon. 


If  la  the  aechailM  of  eoibuattoQ  of  ea  aaqilosiT*  ttadcr  specified 
eoadittoos,  a  reaction  occurring  in  the  condensed  phase  beeoaes  of  i».«Jor 
iaportanoe,  ttten  the  posaihility  of  stahLa  coabustlon  on  decreasing  the 
pressure  arises*  A  smU  value  of  tbs  Halting  pressure  can  indicate 
that  a  oondensed  phas'  reaction  Is  contnlling  the  self-diffusion  process 
la  the  eoodltiona  givai.  The  independence  of  the  rate  of  eonhuatlon  of 
aerouy  fUlsdnate  and  pressure  at  :P<  100  aa.  Hg,  and  its  ahllitjr  to 
bum  in  hltfi  vaeum  are  in  agreeaent  ultb  Belyaev's  ideas  on  the  eoa- 
bustlon  of  ttds  substeaee  in  the  conditlono  discussed. 

Baoa  has  estahLisbed  for  a  thole  series  of  solid  explosive  aixtures 
that  their  relative  aUlity  to  undergo  stable  coabustlon  at  low  pressures 
end  stHetLy  eoaparehle  eonditLoas  dtpends  on  ths  retie  butwesn  the  solid 
and  fMsous  reeetion  prohtets.  Xf  ths  reaction  products  at  the  eoabustioa 
tmperaturc  are  ocs^etely  solid  or  liquid,  than  the  rate  of  conbuetloa  is 
conpletdly  indspendeot  of  prsssurs*  Systsns  ihleh  sm  oipshle  of  this 
type  of  oonhnstloB  are  oSUed  gaaless  conpoeitloas*  The  espression  Ibr 
the  rate  of  eoahustloa  of  sueb  nlxtures  takes  e  pertiehlarly  slapls  flomt 

«  Boat  conit.  t 

Tam  the  ism  a  la  the  agnntlen  u^tt\bp  corresponds  to  tho  rsts 
of  tho  reactioB  controlling  boat  tranmlsalon  and  which  eecnrs  in  the  solid 
phase,  iharees  the  ooeffideat  ft  .depAds  oi^  the  conditiens  for  a  proeess 
oocurrinc  in  the  ges  phase. 

i 

The  rssults  of  Andrasfv'o  stodlss  abowdd  that  oonbnstion  of  oondsnsod 
ojqplosLvss  at  high  prsssures  goes  in  different  wiys  depending  on  the 
phyeioel  state  of  the  eiqplosive.  Sipledves  em  he  divided  into  three 

£!*>ma  dlSCSSSlcn  Cf  psist,  t-Uf:  r  MilaMWi,  p»z«ua 

(powdered  and  pressed  a^loilTes),  and  liquid  siplesiva  systnss* 


Baid.des  the  nitroed.lulo8a  ^owdars,  ULaating  gelatine;  galatina- 
djrnaaita  and  aoaa  other  exploalTes  are  repreaentatiTe  of*  the  first 
class  of  axploslres.  The  atalllty  of  these  ejiqploelYes  to  undergo  stable 
ccabustlon  at  high  pressures  is  expressed  aost  strongly.  Xhus,  blasting 
gelatine  does  not  lose  its  ablll^  t)  bum  nonaally  in  a  closed  systan 
eyen  at  pressures  of  1200  Kg/en  . 

tfpical  represan tall  res  of  the  second  geoup  ere  the  high  explosire 
powders.  Icoording  to  Andreer's  data;  the  liait  of  stabla  eenbuetios 
for  tsn  and  haksogen  is  a  pressure  of  about  25  Kg/cn  ,  and  for  trotyl 
and  picric  add  a  pressure  of  about  65  Kg/oa  . 

Bowever;  these  ex^slTes  in  a  oonpressed  state  are  able  to  bum 

stably  in  a  olosed  tube  at  oonaiderably  hl^er  pressures;  for  sxanple, 

2  2 
tsn,  St  a  dmti^  of  I.65  s/m  i  bums  nomeily  srso  at  210  tt/m  . 

Cast  eiqplotiTes  bshsTs  in  this  Moner  «htn  suffldsntl/  ooapressed. 

Ihsse  facts  can  bs  explsis»»d  thusi  la  pewdsrod  explosives  at  high 
preasures  the  buraiag  geaes  oan  oo^aratlvsly  easily  enter  the  pores 
between  pertleles  of  eiqploslTe  «d  ijpiite  then.  Consequently  the  surfaee 
of  oonbustLon  iaoreeses  Aerply  and  e  stationary  process  bsoones  iapossible. 
The  poKositgr  of  the  ei^plod-vs  is  dooroased  by  inereaalng  its  dsulty  and 
this  nakss  nere  difficult  the  sntiy  of  tbo  llaas  desp  Into  the  substsnee. 

The  charaoter  of  the  eonbustion  of  liquid  eqploalvss  la  relation  to 
the  pressure  la  sonsidiat  dlffsrant  froa  that  of  nilld  esqploalTes.  bhan 
aitrojglyosrins  is  Igdtod  at  atsoiphsrlo  prsssure  it  does  aot  bum  but 
fiatfies.  bbea  iipiitsd  in  a  ssalsd  tube  it  dstenates  at  a  presaure  of 
about  65 

aoooroiag  to  Androsy's  data,  relatively  imlibm  eonbustioa  of  nitso»> 

2 

gLyoerlne  only  ooeors  at  presaures  belov  20  Kg/cn  .  At  hii^w  pressures 
the  flhNrsetar  nf  the  sssbustlsa  chsisge*  wneidermiuy.  me  surface  of  ttie 


liquid  lu  dlaturbud  and  the  tltola  pro cass  occurs  as  a  ssrias  of 
eonBaeutiTa  Harttea.  Tbaorstlcal  and  axparlnental  InTcatlgatlons 
haca  rtiouQ  that  tha  dlaturbanea  of  atabla  eoabusUon  in  liquid  and 
■olid  a^oalTaa  is  a  raault  of  an  Ineraaaa  in  the  ooaibustlon  aurfaea. 

In  tha  prasant  eaaa  this  oeeurs  bj  boiling  of  tha  aurfaea  lajrar  of 
liquid  (2^'do'riah)  or  by  diaturbanoa  of  ita  gaaodynaaie  stability 
(Landau)  owing  to  tha  turbulaaea  of  Iha  aurfaea.  Xnoraaaad  alaooaily 
praranta  tha  appaarmea  of  thaaa  phanonana. 

On  tha  baaia  of  tha  raaulta  diaeuaaa(^  it  ia  poaaibla  to  oonoluda 
that  tha  diatnrbmoa  of  atabla  ooabuatioD  in  aoadanaad  axploairaa 
dapanda  not  only  on  ftia  aeoalaration  of  tha  proeaaa  aa  i  direct  raault 
of  tha  riaing  praaaura  (thla  aeealaratlen  ia  mail)  bat  alao  on  tha 
oauaa  ihioh,  at  a  cartalB  praaaura,  produaaa  a  dlaturbanea  of  tha  flma 
front  and  of  tha  oonbuatloa  (orfaoa. 

Ibr  alBoat  all  tha  axploaiaaa  atudiad  tha  linaar  rata  of  eonbuation 
ia  daoraaaad  aa  tha  danaity  (of  tha  aiqplomra)  ineraaaaa*  Xbia  la  aboim 
for  asmpla  la  Andraar'a  data  eitad  in  Tabla  84. 


lAGUii 


rata  of  mmliaMiia  af 


Aa  M  jqau  taM 


OMiitr. 

tat*  of  aoabuatla>,a^Bta^ 

¥9ti<7l(Tu«C.  <11*.  at  lh«  tiba  24  ■■) 

o.es 

i  ta**  set  bun 

0.74 

•5.41 

o.as 

4.83 

IXM 

4,48 

1.07 

4.27 

(lulto  at*,  at  till  tub*  (.3  n} 

0.68 

.  O***  Mt  bun  . 

0.69  ' 

3.46 

0.66 

3.19 

I.U6 

2.19 

1.16 

11.49 

Ihe  effect  of  denal'ty  on  the  rate  of  coabustioa  is  evidence  of 
the  iaportanee  of  changes  in  porosity  of  the  substance.  Density 
affects  n»t  only  the  rata  of  oonbustioa  but  also  idiether  it  can 
occur  at  all. 

The  data  in  Table  84  show  that  the  ooataistion  of  tetiyl  and 
hekaogn  ceases  if  the  density  is  reduced  below  a  certain  leTSl. 

Indreev  explained  this  as  a  result  of  an  increased  rate  of  beat  loss 
in  the  condensed  phase  caused  by  the  eaae  with  idiioh  the  aoltsn 
substmee  could  penetrate  between  the  particles  of  exploalTe.  i  The 
Halting  density  depends  on  the  experiaantal  oonditlono  (tube  diaBieter^ 
ezystal  size).  The  daasity  liait  for  stable  ecabustton  is  aonethat 
reduced  by  an  increase  in  tube  diaaiater  and  in  the  state  of  division 
of  the  e:q)losive.‘ 

Pyroxylin,  thieh  has  a  ceiUuloae-like  structure,  behaves  quite 
differently  fna  tetiyl  snd  hekeogen.  It  bums  energetically  enough 
even  at  poured  density#  tout  it  ahowa  an  upper  density  liait  above  id»ich 
coabustLon  does  not  difAiss  (Table  65)* 

TABlEaS 

Relation  between  the  rate  of  oonbuittoA  .oX  *9t  3-  WA 

(in^mal  dleaater  of  thT  tube^  5.5^.) 


tot*  of  oeibMtlon,oi^aiji 

0.24 

374 

0.30 

31.1 

0.ii'; 

Kid 

049 

btloialfhtd 

A  satlsfactoxy  explaaatloa  for  this  peculiar  phenomena  has  not 
7et  been  found. 

For  condensed  explosives.  Just  as  for  gaseous  mixtures,  there  is 
a  critical  diameter  below  which  combustion  will  not  spread  in  the 
oonditlons  of  the  experiment.  Critical  diameters  at  atmospheric 
pressure  are  shown  in  Table  86. 

TABLE  86 

Cntieel  djameters  for  aoaa  hijfa  explosives 


Explosive 

Cenalt7 

^omr 

,  am. 
cr* 

Cast  TNT 

1.59 

32.0 

Cast  Tetrjrl 

1.60 

5.7 

Heksogen 

1.0 

6.0 

Prrokflla  Ho.l 

0.6 

5.5 

Nitrogljoal 

" 

2.0 

The  oritloal  diameter  for  an  explosive  in  not  oonetent,  Xt  changes 
oonalderahl7y  vaxying  with  the  deositjr  of  the  e]q>losive,  the  material 
and  thldmeaa  of  the  easing,  and  certain  other  factors. 

The  critlosl  dLsmeter  depends  on  the  heat  loss.  However^  the 
conditions  of  heat  oul^t  can  differ  oonsiderabLj  depending  on  whether 
the  reaction  occurs  only  In  the  gas  phase  or  in  both  gas  and  condmised 
phaass.  In  the  latter  cue  the  oontaustlon  process  would  be  aeeonpanled 
bjr  considerahle  heating  of  the  condensed  phase  end  the  heat  loas  would 
increase  aherpljr. 

The  limiting  diameter  alao  depends  on  the  rate  of  oonbuetion. 

The  greater  the  rate  of  combustion  the  ansUer  will  be  the  heat  outflow 
and  tha  oritioal  diameter  in  otbei>wise  idmtioal  conditions.  TNT  bias 
its  maximia  limiting  diameter  at  its  lowest  rate  of  oonbuetion  (  ~  1  em/mln) . 


For  vnlRtLle  substances,  in  t^lch  the  reuction  occurs  completely  in  the 
gaseous  phase,  the  surface  layer  only  of  the  condensed  phase  is  heated 
to  the  boiling  point  and  the  heat  loss  consequent  upon  heat  conduction 
in  the  condensed  phase  will  he  small.  For  this  reason  the  limiting 
diameter  of  a  nitroglycol  charge  is  small  even  at  low  rates  of 
oorabustion  {~  2  an/nin,). 

The  rate  of  combustion  of  explosives  is  Increased  relutively 
slightly  by  an  increase  in  the  iaitial  temperature.  The  rate  of 
oombustion  of  a  series  of  explosives  studied  by  Andreev  was  not  more 
than  doubled  by  Increasing  tne  initial  teniperature  by  100°.  The 
results  of  some  e^qperiments  are  ci-ted  in  Table  &7. 

TABLa  87 

affect  of  tmnoerature  on  the  rate  of  combustion  of  explosives  at 

atmospheric  pressure 


Explosive 

■ 

Experimental 

conditions. 

Temperature  ooeff. 
of  combustion  rate 

("„  ) 

Nitroglycol 

Liquid 

1.52 

Gelignite 

1.82 

Tetryl 

=  0.9  g/em^ 

1.81 

Heksogen 

'll  =0.9  g/em^ 

1.-.S 

Nitroglycerine  powder 
containing  28i(  nitro¬ 
glycerine. 

h  =  1,6  g/m^ 

2.9 

Similar  resiilts  were  obtained  by  fielyaer  in  experlmmtB  on  the 
oombustion  of  mareuiy  fulminate.  On  changing  the  temperature  from  16 

r 

to  lO^^C  the  rate  of  oombustion  of  mercury  fulminate  Increased  1.^2  times. 
The  data  obtained  permit  one  to  conclude  that  the  regllgible  acceleration 
of  oombustion  with  increasing  temperature  Is  a  phenomenon  vdiich  is  general 
for  hi*  explosives  and  for  detonators.  .//  y/ 


A  stucty  of  the  oombustion  of  INT  and  nitr-oglycr’  temperatures 
close  to  the  flash  tesiperaturos  showed  that  in  these  conditions  the 
acceleration  of  the  process  does  not  beoonie  large,  as  can  be  seen  from 
the  data  cited  in  TablciS  88  and  89. 

,  TABLh  88 


From  Table  88  it  is  seen  that  when  the  initial  temperature  was 
increased  from  20  to  l80°,  l.e.,  almost  to  the  flash  temperature,  the 
rate  of  combustion  of  nitroglycol  increases  approxijiiately  twice. 

On  the  basl  s  of  his  observations  Belyaev  concluded  that  at  atmos¬ 
pheric  pressure  s  temperature  of  l8^^  is  limiting  for  normal  combustion 
of  nitroc^yool  in  parallel  layers. 

um.§s. 
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Tbe  combustion  of  WT,  which  is  initlall7  even,  becomes  piUsatlng 
at  temperatures  of  abouk  -  2^0°  and  is  accompanied  by  spitting  of 
the  hot  melt.  This  is  <iie  cause  of  the  more  rapid  rate  of  growth  of 
combustion  under  these  conditions. 

As  will  be  shova  below,  it  follows  from  the  theory  of  combustion 
of  condensed  explosives  that  one  would  expect  a  linear  relation  between 
the  logarithm  of  the  rate  of  combustion  and  the  reciprocal  of  the 
abaolute  temperature  fbr  condenaed  explosives  (and  also  for  gaseotis 
systems). 

Tbe  results  from  Andreev*  s  and  Belyaev*  s  experlmentel  data  show  that 
this  requirement  of  the  theory  (In  a  stationary  process)  is  in  fact 
fulfilled  and  has  a  general  character. 

The  Belyaev-Zel*doTich  theory  of  tha  ccmbustion  of  condensed  earoloslves. 

It  is  necessary  to  start  from  physical  presALses  and  tbe  basic  laws 
establlehed  in  the  theory  of  thermal  diffusion  of  flames  in  gas  to  discuss 
the  contaustion  processes  in  general  and  the  oombustion  of  condensed 
explosives  in  particular.  However,  it  is  also  necessary  to  take  into 
account  those  specific  peculiarities  which  s-re  linked  with  the  mechanism 
of  their  combustion. 

A  number  of  authors  (Letan,  Sbvelkert,  Xamaga,  Kraw  and  Grlmshaw, 
and  others)  have  oonstxucted  theories  of  combustion  on  the  premise  that 
the  chemical  reaction  proceeds  only  in  the  condensed  phase.  They  started 
from  the  erroneous  supposition  that  activation  of  the  molecules  end  the 
transfer  of  energy  in  the  combustion  process  occurs  by  bombardment  of  tha 
surface  layer  of  the  explosive  by  the  gaseous  reaction  products. 

In  1938  Bslyaev  put  forward  a  new  theory  of  combustion  for  condensed 
explosives  in  ihich  the  basic  role  in  energy  transfer  was  played  bf 
thermal  conductivity,  and  the  kinetics  of  the  (iiemlcal  reaction  were 


taken  into  account.  It  oiffered  from  the  theories  discussed  in  that 
it  assumed  that  the  combustion  of  explosives  took  plat.?:  in  the  gas  phase, 
not  the  condensed  phase. 

According  to  Belyaev  the  energy  at  the  surface  of  a  volatile 
ejiplosive  vould  be  used  in  evaporating  the  substance.  According  to 

Belyaev's  calculation  the  probability  of  a  molecule  of  nitroglycol  at 

o  9 

2CX)  having  sufficient  energy  to  evaporate  is  10^  times  as  great  as  the 

possibility  of  it  having  sufficient  energy  for  activation. 

In  fact  the  probabilities  of  these  processes  are  respectively: 


there  X,  is  the  heat  of  evaporation  and  E  is  the  energy  of  activation. 
For  nitro^yool  X  =  14^00  eal/mole  and  E  =  35OOO  cal/mole. 

Thus  the  rate  of  evaporation  should  considerably  exce(  i  the  rate  of 
oonbustion  and  oombustion  can  occur  only  in  the  gaseous  phase.  The  heat 
set  free  In  oomtustlon  tovdd  be  used  in  heating  the  gases  and  in 
eve^raUng  a  new  portion  oT~ihe’c6ndeiiBed  phase.  An  increase  in  the 
rate  of  eonbustion  and,  consequently,  an  increase  in  the  passage  of  heat 
to  the  eondensed  phase  ehould  lead  to  an  automatic  Increase  in  the  rate 
of  evaporation,  and  this,  by  absorbing  the  energy  from  the  combustion 
rone,  would  prevent  reactloa  occurring  in  the  condensed  phase.  Because 
of  evaporation  the  surface  of  the  explosive  mould  be  oonstantiy  changing, 
but  the  temperature  of  he  surface  of  the  condensed  phase  would  remain  at 
a  onnstant  value  equal  to  the  boiling  point. 

The  explosive  vapour  should  not  Ignite  at  once;  seme  time  should 
aiapse  thile  the  gas  is  heated  rod  the  rerichLon  spreads;  consequently, 
oombaetion  of  the  vigour  would  occur  at  some  distance  from  the  condensed 
phase,  and  between  the  combustion  region  aibd  the  condensed  phase  there 
would  be  a  sone  of  gas  awaiting  oombustion.  Bcl/aev  ooufirsad  ths 


.7, 


e>d£tence  of  euch  a  zone  (dark,  non-lur.'!ino\ie) 
experimentally  in  the  case  of  nitroclycol. 

Thus  we  are  led  to  the  general  diagram  of 
combustion  of  explosives  shown  in  PUg.  128. 

Here  /  in  the  region  of  the  condensed  zone,  //  is  the  regiC'n  of  gas 

awaiting  oombuctLon,  and  III  is  the  region  of  hot  reaction  products.  The 

curve  To—Tn—  '/r  shows  the  temperature  distributicn.  /'„  is  the  initial 

temperature  of  the  explosive,  7*  is  the  taoiperature  at  which  the  vapour 

pressure  of  the  explosive  is  equal  to  the  external  pres8\ire,  l.e.  for 

liquids,  tha  boiling  point,  and  is  the  temperature  of  combustion. 

It  is  clear  than,  when  a  stationary  combustion  qyston  is  established, 

2 

the  quantity  of  substance  evaporating  from  1  c&i.  of  surface  in  1  sec. 

p 

should  be  equal  to  the  amount  of  substance  burning  in  1  cm.  '  in  1  sec; 

In  other  vords,  the  mass  rate  of  combustion  should  equal  the  mass  rate  of 
evaporation  of  the  condensed  phase. 

Zel'dovlch  showed  that  the  theozy  of  combustion  of  gaseous  mixtures 
developed  by  Frenk-Kamenetskil  and  himself  oould,  with  some  modification, 
be  applied  to  some  cases  of  interest  to  us.  On  going  from  the  combustion 
of  gaseous  mixtures  to  the  combustion  of  explosive  vapours  it  is  only 
nece&saiy  to  take  Into  account  the  energy  used  in  evaporating  the  condensed 
phase.  According  to  Zel'dovlch,  the  mass  rate  of  diffusion  of  combustion  In 
esqplosive  vapours  is  defined  by  the  following  expression: 

"  (Fr  -  To)  (/«+  l)ir(7’r)  g/^ .  -*.(53,2) 

where  r,^  is  the'  eoefflclait  of  thermal  conductivity  of  the  vapouir  at  the 
oofflbustion  temperature,  T}  is  the  combustion  t^perature,  Ta  is  the  Initial 


Pig.  128."  Tempertturo 
distribution  in  a  burning 
explosive. 


temperature,  U  (7',)  is  the  rate  of  reaction  at  temperature  /■,  ,  t  is  the 
activation  energy,  y,  it  the  heat  of  reaction  minus  the  heat  of  evaporation, 
end  m  is  the  order  of  the  reaction. 

In  the  particular  case  vhan  the  reaction  is  unimolecular,  equaU.on  (53»2) 
can  be  put  in  the  following  form; 


vhere  o  is  the  vapotir  density  at  temperature  T",.. 

From  equation  (53»2)  it  follows  that  the  relation  between  the  rate  of 
combustion  and  the  pressure  is,  in.  this  case,  of  the  same  form  as  for 

m 

gaseous  mixtures;  =  /ip  • . 

Since,  according  to  the  experimental  study,  the  rate  of  combustion  of 
nltrotpLyool  depends  linearly  on  the  pressure,  m  =  2,  i.o.,  the  reaction 
idiich  determines  the  rate  of  combustion  of  this  substance  Is  blmolecular. 

The  direct  ^jplicatlon  of  equation  calculation  of  rates 

of  oombustion  Is  vary  difficult  because  the  values  of  m,  £  and  Tr  are 
unknown  for  most  explosives.  However,  if  equation  gives  the  correct 
connection  between  the  basic  kinetic  constants  and  the  rate  of  combustion, 
then  the  reverse  problan  can  be  solved  -  from  the  rate  of  combustion  and 
Its  dependence  on  pressure  the  kinetic  constants  can  be  calculated.  Belyaev 
carried  out  this  type  of  calculation  for  nitro^ycol;  the  calculated 
activation  energy  "^,000  eal/mole  obtained  by  Apln  from  experiments  on 
the  thermal  decanposition  of  nltro^yool.  According  to  Belyaev,  this 
confirms  the  correctness  of  his  theory. 

According  to  Belyaev  combustion  in  the  gas  phase  Is  only  possible  if 
the  pressure  does  not  exceed  a  certain  critical  value.  As  the  pressure 
Increases  so  does  the  boiling  point,  and  consequently  the  temperature  of 
the  surface  layer  of  the  oondensed  phase.  As  a  resiHt,  the  "tail"  of  the 


cunre  will  reach  further  Inside  the  substance.  This  increase  in 

temperature  be  very  oonsiderahie.  For  nitroglyeol  is  190®C  at 
atmospheric  pressure  and  400°C  at  100  atmospheres.  At  the  same  time  the 
relation  between  the  rate  of  evaporation  and  the  rate  of  oomhastlon  changes 
oonslderably.  At  a  sufficLently  high  pressure  the  heat  liberated  in  the 
reaction  woxild  be  only  partly  used  in  evaporation  and  combustion  would  occur 
in  the  condmsed  phase.  However,  In  Belyaev's  opinion  such  a  ccmbustion 
regime  would  not  be  stable  and  should  change  over  to  detonation  almost 
instantaneously  because  of  the  direct  bombardment  of  the  unreacted  molecules 
of  the  condensed  phase  by  the  gaseous  products. of  explosive  decomposition. 

It  will  be  recalled  that  in  the  normal  process  of  diffusion  of  combustion 
It  is  thought  that  the  transfer  of  energy  from  the  reaction  zone  to  the 
starting  material  Is  by  thermal  conduetlvity. 

Belyaev  considered  that  the  combustion  meohanitt  described  above  was 
characteristic  for  most  condensed  explosives.  If  the  boiling  point  is 
lower  than  the  temperature  at  thich  intensive  reaction  occurs,  and  the  beat 
of  vaporisation  la  considerably  less  than  the  energy  of  activation,  than 
combustion  will  occur  in  the  ges  phase.  If  the  boiling  point  ia  considerably 
higher  than  the  temperature  at  which  Intense  decomposition  begins,  and  the 
heat  of  vsporisatlon  is  close  to  the  energy  of  activation,  then  decomposition 
will  occur  in  the  condensed  phase.  However,  as  a  result  of  the  initial 
reaction  only  vaporisation  of  the  original  substance  and  formation  of  hot 
products  occurs.  The  ftirther  reaction  of  these  products  in  the  gas  phase 
totally  determines  the  rate  of  combustion. 

nie  belling  points  and  the  heat  of  valorisation  of  some  eiqiloslves  are 
given  in  Table  90  (tfter  Belyaev}. 


table  90 


Bolling  points  and  heats  of  vaporisaUon  o£  explosives 


Explosive 

Boiling 
point  ”C. 

— - - - 

Heat  of  ▼eporlsation 
>■,.  cal/mole. 

Methyl  nitrate 

66 

9000 

Nltrog'Lycol 

200 

14  200 

Nitroglycerine 

250 

18  500 

WT 

335 

17  000 

Piczio  acid 

320 

21  000 

XQI 

270 

23  000 

Hekhogen 

340 

26  000 

Tetril 

310 

26  000 

Trinitvobenssne 

315 

18  500 

Trlnitroxylcne 

305 

18  000 

Tho  B«l7aeT-Zal'de^ch  theory  Is  based  on  correct  physical  Ideas. 
BowTer,  the  theozy  sobeaatlses  exeesslTely  the  process  of  combustion  in 
condensed  exploslTes  end  desczlbes  only  the  simplest  ease.  This  is 
diaraeterised  by  the  fact  that  the  basic  reaction  (which  detemlnea  the 
rate  of  reaction)  occurs  In  the  gas  phase,  and  the  Beohanisa  and  thenial 
effects  of  bie  reaction  db  not  change  vltt  changing  pressure. 

Revolts  of  e^qperlBental  studies  have  shown  that,  In  nost  cases,  the 
coabustloo  of  high  ej^loslTss  Is  aueh  aore  coaplex  and  is  aecoapanied  by 
reactions  lu  the  condensed  phase  which  contribute  a  considerable  proportion 
of  tie  heat  of  reaction.  Noreorer  both  the  course  of  the  reaction  and  the 
final  reaction  products  do  not  reaaln  constant  In  combustion  conditions, 
and  they  change  ^nsiderably  with  the  pressure.  it  atmospheric  pressure 
the  deoonposltlon  of  e^^loslvee  ie  not  complete  and  the  nitrogen  of  the 
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explosive  s^arates  as  nitric  oxide,  uhereas  at  higiitr  pressures  (oi  the 
order  of  tens  of  atiiospheres)  no  nitric  oxide  is  observed. 

54.  COMBUbgON  OF  POWDbRg 

Normal  combustion  of  high  explosives  and  detonators  is  possible  only 

under  wall-dofined  oonditions,  whereas  for  projectile  explosives  .(powders) 

this  type  of  explosive  oanversioii  is  tj^ical.  The  characteristic  stable 

oomlxistion  of  powders  results  from  their  ability  to  bum  in  parellel 
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ccmcentric  layers  evei  at  high  temperatures  -  5OOO  -  6000  Kg/ cm  in 
extrone  cases. 

The  ibllowlng  throe  phases  are  noraally  distinguished  in  the  combustion 
of  explosives: 

(1)  Isiltion  or  localised  origin  of  a  self-diffusing  reaction; 

(2)  Inflammation  or  spread  of  the  original  process  in  the  surface 
of  the  oubstance; 

(3)  proper  combustion  or  diffusion  of  tbs  reaction  In  the  bulk  of 
the  substance. 

Such  a  division  of  the  process  into  three  phases  is  in  general 
conditional  because  they  do  not  differ  from  one  another  in  principle. 
However,  it  must  be  remembered  that  these  processes  occur  at  different 
rates  in  the  conditions  for  the  practical  use  of  powders. 

Ignition  is  the  initial  decomposition  of  the  powder.  This  usually 
occurs  as  a  resvLit  of  local  heating.  It  is  the  first  stage  of  ignition. 

The  rate  of  InAommation  of  (i  powder  depends  on  the  nature  of  the 
powder,  the  state  of  Its  surface,  and  especially  strongly  on  the  pressure. 
The  smokiness  of  a  powder  depends  in  the  first  place  on  its  ability  to  bum. 

The  rate  of  Ignition  under  otherwise  equal  conditions  increases  with 
increasing  specific  surface  of  the  powder.  According  to  this  principle 
a  powder  with  a  rough  porous  surface  as  a  rule  Ignites  more  easily  than 
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a  powder  with  a  smooth  surface. 

The  rate  of  Ignition  increases  oonsiderabl/  with  increasing  pressure. 
This  is  because  the  increased  pressure  hinders  the  remoTal  cf  the  hot 
gaseous  combustion  products  from  the  surface  of  the  powder.  Analogous 
data  was  also  obtained  for  gelatinous  nitroglycerine.  According  to  the 
data  of  Lavkovlch  and  Arsh  the  rate  of  combustion  of  nitrocellulose 
powders  in  the  open  air  fluctuates  within  the  limits  20-40  cm/aec.  Vihen 
large  quantities  of  powder  are  burned  the  rate  of  spread  of  the  flame 
over  the  surface  may  reach  several  metres  per  second.  When  powders  are 
buned  in  air  the  rate  of  spread  over  the  surface  is  oonsiderably  greater 
than  the  rate  of  oombustion.  If  a  vertically  suspended  powder  charge  is 


ignited  at  its  vq>per  end,  then  in  a  certain  time 
the  surface  of  oombustion  of  thS  charge  will 
take  the  shape  of  a  right-angled  cone  (Flg.129} 
because  of  the  differsnoe  between  the  rates  of 
ignition  and  combustion.  The  ratio  between 
these  rates  ecu  be  defined  in  terms  of  the 
vertioal  angle  of  the  orne 


“.t 

"j 


(54,1) 


where  uj  is  the  rate  of  eembustion  and  u,  Flg.l29<  Combustion 

of  B  powder  charge  in  air. 

is  the  rate  of  ighltloh." 

When  a  charge  is  bui'ned  in  an  inert  atmosphere 

t 

these  two  rates  are  eqvtal  and  consequently  a 
crater  la  formed  instead  of  a  cons  (Fig.  13C} • 
Hence.lt  is  clear  that  the  great  rate  of  t^m- 
bustion  in  open  air  is  connected  with  the 

Fig.130.  Combustion 

of  B  powder  charge  in  '  combustion  of  reaction  products  due  to  oatygen 
an  atmosphere  of  an 
inert  gas. 
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Combustion  of  a  powder  proceeds  at  a  definite  rate  normal  to  the 
surface.  Equilibrium  spread  of  the  process  is  achieved  thanks  to  the 
bl^  deosltT’  and  uniform  physical  structure  of  the  powder  elements. 

Other  things  being  equal,  the  rate  of  combustion  depends  on  the 
calorific! ty  of  the  powder,  the  initial  temperature  of  the  powder  elements, 

I 

and  the  external  presstire. 

1%ie  rate  of  combustion  increases  with  Increasing  caloriflelty. 
Consequently,  for  extnple,  die  rate  of  oombustion  of  pyroxylin  powder 
increases  with  increasing  nitrogen  content. 

According  to  Hurauer's  inveatigatloud,  at  sufficiently  hi^  pressures 
the  rate  of  oombustion  of  nitrocellulose  powders  changes  in  an  exponential 
manner  with  changes  in  the  tanperature.  This  ia  because  there  is  a 
linear  ralatlonehip  between  the  logerlthm  of  the  linear  rate  of  combustion 
and  the  temperature. 

=  (54,2) 

As  the  density  of  a  powder  decreases  so  its  rate  of  oombustion  also 
fells.  According  to  Weil's  data,  the  Uma  for  complete  eoebustion  of 
standard  eylindrleal  charges  of  aMke  powder  varies  with  increasing  density 
of  the  charge  as  Ibllows  (Table  91). 

TABbE  91 


Charge  density*  c/em^ 

1.670 

1.63 

1.900 

1.920 

1.946 

Tima  for  oombuetlon,  aeo. 

0.00274 

0.00^2 

0.01073 

0.03802 

0.05269 

It  follows  from  these  date  that  a  ITJl  Inoraase  in  charge  density  led 
to  the  rate  of  combustion  being  lowered  by  a  factor  of  mors  than  .19. 


This  relationahip  is  explained  as  follows!  when  the  density  is 

increased,  the  porosity  of  the  powdsr  is  decreased,  and  thus  the  passage 

\ 

of  hot  reaction  products  into  the  body  of  the  substsnos  Is  hindrad. 
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The  rate  of  oombuation  increases  with  increasing  Initial  temperature 
of  the  powder^  but  the  affect  of  teis  factor  in  the  case  glTsn  is  not 
large.  According  to  Andreev's  data,  the  ratio  between  the  rates  of 
combustion  at  100**  and  0**  fbr  a  28j(  nitroglycerine  powder  was  2.9« 

The  effect  of  nrasaure.  The  relation  between  the  rate  of  combustion  of 
powdera  and  the  pressure  p  has  been  the  subject  of  many  InTeatlgaU  ons. 

According  to  Veil,  the  relation  u=f(p),  is  satisfied  by  the  equation 

n  =  ,-Ip’,  (54»3) 

where  A  and  v  depend  on  the  nature  of  the  powder. 

For  aaoky  powders  Veil  put  v  equal  to  0.3*  According  to  Zabudskon, 

"  0.93  pyxojylin  powders. 

Bsun  nd  Leekorleh  showed  that  v  was  not  constant  for  a  particular 
powder.  It  cfaaiged  considerably  with  the  prasrure.  Thus  for  i^iltion 
of  pipe  powder  in  a  nanometrlo  bonb,  n  0,117,  tdxeraas  at  ataospharlo 
preseure  y  *=  0.50$. 

Sha^ix^,  fhon  a  treatnent  of  other  authors*  data,  ooasldered;  that  y 
fbr  aaoky  powder  changes  with  increasing  pressure  as  shown  in  the  table. 

Many  authors  bdLleTs  that  a  aiapler  rblatioh 
«n  be  used  fbr  the  rate  of  oonbustion  of  nitro- 
cellulose  «w«wderei 

u=>Ap.  (54,4) 

This  is  a  apeoial  case  of  ($4,3)  with  v  ~  1. 


?  m?qperiBants  ostahliBbed  that  the  relation  ($4,4)  was 
satisfactorily  obserred  only  at  high  prtssuras  (about  1000  ahsos  and  aboye). 
Ibr  lower  pressures  (ftom  $  to  2$0  ataos)  wuud  v  «  0.7>  Thtis 

it  can  be  seen  that '  ~v  I  is  not  oonstant  for  nltrooellulose  powders  eithar. 


Pil 

.  1 

1 

0.4 

1.00 

I.O 

0.63 

‘/.O 

0.40 

3.0 

0.40 

50U 

0.33 

^'ys 


Tne  coefficient  •'  in  fonaula  C54»4)  is  thu  rate  of  combustion  at 

p 

a  pressure  of  1  Kg/om  .  The  rate  of  coribustion  of  a  nitroselluloHe 
powder  at  this  pressure  calculutod  fr'X’i  (54,4)  was  Q.07  mm/seo,  whereas 
■the  actueLlly  observed  rate  was  approximately  eignt  times  as  I'irge. 

SoiQB  authors  believe  that  tiiis  difference  arises  because  at  th.)  surlare 
of  'Uie  burning  powder  Itself  there  is  an  increased  pressure  of  about 
8  atmos.  However,  Andreev  and  Varg  by  direct  experiment  showed  that 
the  excess  pressure  at  the  powder  surface  did  not  exceed  5  n**"  1^8* 

This  result  also  shows  that  equation  (54»4)  is  not  acceptable  at 
relativaly  low  pressures. 

According  to  a  number  of  workers  (Graver,  Wolff,  Murauer)  the 
relation  between  the  rate  of  oombustien  and  the  pressure  can  be  completely 
expressed  b/  the  tvio-termed  formula: 

tt-a-^hp,  (54»5) 

which  was  first  used  by  S.P.  Vukolov  (1891) • 

riowovar,  more  careful  experiments  showed  that  fonaula  (54,5)  £ives 
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sufficiently  satisfactory  results  only  at  pressures  lower  than  400  K^oa  . 

According  to  Andreev  the  rate  of  combustion  of  nitrocellulose  powders 
over  a  sufficiently  wide  range  of  pressures  can  be  described  by  the 
general  fonaula: 

«  -=a  V  (54»6) 

vdiere  v  takes  different  values  for  different  powders  but  is  generally 
close  to  unil^. 

In  oondLusion  it  must  be  noted  tliat  not  one  of  the  formulae 
mentioned  is  able  to  describe  the  function  u{p)  over  a  wide  pressure 
interval  because  the  mechanism  of  combustion  and  the  thennal  effects  of 
reaction  at  high  pressure  are  oonslderahly  different  from  those  at 
pressures  close  to  abnospheric.  Thus  e^qjerlments  showed  that  the 


tliermal  effect  of  burning  a  nitroc^lulose  powder  at  pressures  below 
2 

40  Kg/om  was  only  about  53^  •=  heat  of  combustion  of  th-‘.  powder 

at  70 

Tae  sensitiTity  of  different  powders  to  pressure  is  not  uniform. 

Thus  anoky  powders  bum  about  ten  time  as  fast  as  pyrojfylin  gunpowders 

at  atmospheric  pressure,  vliareas  the  reverse  is  observed  at  hig''  pressures 
2 

{2500  Kg/ cm  ):  the  rate  of  combustion  of  pyroxylin  powders  is  considerably 
greater  than  that  of  satoky  powders. 

By  studying  the  combustion  of  various  powders  at  pressures  close  to 
atnospheric,  Baum  established  that  as  a  rule  the  sensitivity  of  powders 
to  pressure  increased  with  increasing  quantity  of  gaseous  reaction 
producta.  In  the  cbsence  of  gaseous  reaction  products  the  rate  of 
combustion  is  ..ndspendent  of  the  external  pressure. 

Medianlsm  of  oombustlon  of  nitrocelAuloae  powders.  The  mechanism  of 
combustion  of  nitrocellulose  powders  remained  almost  unstudlAd  until 
recently.  This  was  •  eeiioue  obstacle  to  the  development  of  a  complete 
theory  of  their  oorabuStTon.  Zel'dovlch  attempted  to  construct  such  a 
theory  based  on  Belyaev's  general  ideas  on  the  mechanism  of  combustion 
of  condensed  ariosi ves,  vhich  have  been  discussed  above. 

The  baoLc  eharaeteristie  of  this  theory  is  the  assumption  that 
oombustLon  of  the  powder  is  preceded  by  Its  vaporisation. 

Combustion  thus  proceeds  in  the  gas  phase.  If  this  is  so  it 
appears  that  the  basio  principles  of  the  theory  of  combustion  of  gaseous 
Diixtures  can  be  applied  to  the  combustion  of  powders.  The  chief 
difference  between  the  cenbustion  of  powders  and  condensed  explosives 
is  that  evaporation  of  the  condensed  phase  is  changed  into  gasification, 
which,  according  to  Zel'do'  ich,  is  either  weakly  endothermic  or  weakly 
exothermic. 
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According  to  Zel'dovlch  the  basic  scheme  for  the  combustion  of  nltro- 
llulose  powders  takes  tlie  following  fonn.  VAien  heat  Is  c^^plled  to  the 
undensed  phase  the  temperature  In  the  surface  phase  (powder,  gas)  Is  raised 
to  some  temperature  T",,  at  which  gasification  of  the  heated  layer  of  powder 
begins.  The  gaseous  products  are  heated  to  the  temperature  at  which  chemical 
reaction  begins  by  heat  flow  from  the  eoabu''tion  zone.  This  leads  to  the 
final  pn> ducts  of  pcwder  combustion.  is  practically  independent  of  the 
Initial  temperature  and  pressure.  Tp  has  a  tendency  to  rise  as  the  rate  of 
ooffllMstlon  increases  but,  because  the  rate  of  decomposition  is  exponentially 
related  to  the  temperature,  the  expenditure  of  heat  on  gasification  is 
increased  and  Tp  remains  constant. 

The  greater  the  rate  of  combustion  the  thinner  the  heated  layer  of 
potfder,  but  because  To,  Tp$  Tr  remain  constant,  the  temperature  distribution 
curve  increases  in  steepness.  At  low  rates  of  combustion  the  curve  will  be 
gentle  because  a  thicker  layer  of  substance  is  heated  with  a  longer  time 
interval.  With  increase  in  pressure  the  rate  of  ocmbustion  increases  but 
the  thickness  of  the  heated  layer  should  decrease.  Ibis  theoretical  result 
was  confimed  eiqperlaen tally  by  Aristo^  and  Leipunskli. 

Iba  baslo  principal  conclusions  of  the  ZeCL'dovlch  theory  qualitatively 
reflect  the  regulsu'itles  observed  during  the  combustion  of  a  powder,  but  the 
thooty  does  not  give  quantitative  agreement  with  experimental  results.  This 
is  explained  by  the  admitted  sinplifi cations  of  the  complex  mechanism  of 
powder  combustion, 

Levkovloh  and  Arab  showed  from  the  analysis  of  expeKaental  results 
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that  combustion  of  a  powder  is  a  considerably  mors  complex  process  than 
allowed  for  In  the  Zel'dovlch  scheme.  According  to  these  authors  combustion 
of  a  powder  occurs  In  the  condensed  phase  as  wall  as  In  the  gas  phase.  About 
of  the  heat  evolution  occurs  from  reaction  in  the  condensed  phase,  and  it 


follows  tliat  it  oust  play  an  important  part  in,  tho  process  of  powder 
combustion.  The  intemediate  o:d.iititi on-reduction  processes,  in  which 
oxides  of  nitrogen  take  part  (NojNog)  is  very  important  in  the  combustion 
of  the  powder.  Tae  rates  of  o;d.d«t.inn-r8duction  pracessos  depend  markedly 
on  the  pressure.  This  explains  the  observation  tliat  combustion  of  nitro¬ 
cellulose  powders  at  low  pressures  is  generally  accompanied  by  considerable 
formation  of  nitric  oxide. 

Subsequent  investigations  supported  some  of  the  ideas  of  Levkovlch  and 
Arah  and  led  to  further  considerable  definition  of  the  mechanisn  of 
combustion  of  powders. 

Rice  and  Genelle  developed  a  quantitative  theory  for  the  combustion  of 
nitrocellulose  povrders.  They  considered  that  the  process  took  place  In 
three  stages:  en  exothermic  reaction  in  the  condensed  phase,  an  intermediate 
reaction  in  the  gas  phase  leading  to  the  fonatlon  of  nitric  oxide,  and 
reactions  between  nitric  oxide  and  the  products  of  incomplete  combustion, 
the  basic  oorrelations  In  the  theoiT’  of  Rice  and  Cenelle  were  obtained  using 
the  same  assumptions  and  the  same  methods  as  were  first  used  by  Frank- 
Kaaenetskil  and  Zel'dovlch. 

The  special  points  of  the  Rlce-Genelle  theory  are  as  follows.  At  very 
low  pressures  reaction  in  the  condensed  phase  plays  the  decisive  part  In 
the  dissemination  of  combustion.  The  rate  of  the  reaction  in  the  condensed 
phase  Is  depebdent  on  the  temperature^  but  independent  of  the  pressiure.  At 
higher  pressures  (up  to  a  few  atmospheres)  the  predominant  place  in  the 
combustion  process  Is  gained  by  a  blmolecular  reaction  which  occurs  in  a 
second  phase,  £br  example  the  reaction  between  nitric  oxide  and  carbon 
monoxide.  The  peculiarity  of  these  reactions  Is  that  they  have  small 
activation  energies  and  consequently  their  rates  have  little  dependence 
on  tesperature,  but  depend  stron^y  on  pressure.  The  reactions  of  the 


ttiird  phase  (inflammation)  occur  only  at  pressures  of  20  atmos.  and  above. 

The  heat  evolved  in  this  zone  is  transferred  into  the  adjoining  intermediate 
reaction  acne  by  thermal  conductivity,  and  from  the  latter  into  the  con- 
donsed  phase.  Tliis  leads  to  increased  heating  of  its  surface  layers  and 
to  a  corresponding  increase  in  the  rate  of  combustion.  At  hi^  pressures 
the  reactions  in  the  third  zone  have  a  decisive  influence  on  the  rate  of 
combustion. 

The  results  of  the  Zel'dovich  theory  make  it  possible  to  define  the 
basic  parameters  vhieh  characterise  the  ability  of  an  e;q)losive  to  ignite 
(the  inflanunablllty  of  an  eoqilosive). 

If  the  sui-face  of  a  p>owder  (an  explosive  charge)  is  subjected  to  a 
heat  source  of  a  sufficiently  hl^  teaperature,  then  the  critiea  temperature 
at  the  surface  of  the  ei^losiva  (the  tanperature  at  which  Ignition  becomes 
possibLs)  will  not  be  reached  immediately,  but  after  soma  time  tn  »  The 
time  depends  on  the  ratio  between  ths  rate  of  Input  of  energy  from 
heat  transport  and  the  rate  of  beat  loss  from  the  surface  into  ttis  bulk  of 
the  materials  Vfhcn  the  czdtical  temperature  (Ta)  is  reneheti  oa  tbs 
surface  of  the  explosive,  the  tanperature  distrltution  in  the  adjoining 
layers  is  set  up  accorodng  to  the  Michalsou  law,  and  this  d'>tarmine8  the 
thickness  of  the  heated  layer.  The  amount  of  beat  in  the  heated  layer 
at  the  moment  of  ignition  (i.e.  at  the  moment  when  Tm  is  reacted  at  the 
surface)  can  be  determined  from  the  aCiUatioD 

•  o 

Q- / c,!.(T-r„)Ux= 


Fran  thla  relation  It  follows  that  the  so-called  flash  temperature 
(detemlned  under  defined  standard  oond].tions)  cannot  serre  as  a  criterion 
of  the  Inflammability  of  an  eijq^loslre.  nils  question  Is  discussed  in  some¬ 
what  greater  detail  la  Chapter  XV, 

55.  mg  TRiMSimOM  FTOM  COMBUSTION  TO  DETONATION 
The  mechanlan  of  the  transition  from  combustion  to  detonation  In  gaseous 
mixtures.  The  conditions  for  transition  from  combustion  to  detonation  are 
most  simply  established  by  a  discussion  of  non-stationaiy  processes  of  flame 
propagation  In  gaseous  mixtures. 

The  equilibrium  propagation  of  a  flame  at  a  constant  rata  occurs  only 
taien  a  gaseous  mixture  la  ignited  at  the  open  end  of  a  tube.  On  combustion 
in  a  dosed  tube  the  flame  is  propagated  at  a  constantly  increasing  rate. 

The  reason  fbr  this  autoaccalaratiag  process  is  the  progressive  compression 
of  the  gaseous  mixture. in  front  of  the  flame  front.  This  was  confirmed 
eiqperimentaiiy  by  Sirlcby  md  Viler. 

Thnks  to  the  continuous  Increase  in  pressure  (and,  consequently,  the 
increase  in  density  and  toaperature)  the  reaction  goes  faster  in  eaoh 
suceeasive  layer  of  gas  and  is  finished  in  shorter  time  intervale.  The 
increased  pressure  in  front  of  the  flame  front  is  a  consequence  of  the 
origin  of  a  oompresslon  wave  in  the  gas.  The  compression  wave  is  foxned 
as  a  rsault  of  expansion  of  the  combustion  products.  The  flame  drives  ths 
gas  before  It  like  a  piston.  Each  successive  compression  wava  Is  propagated 
in  a  denser  medium  and  catches  up  with  its  predecessor.  As  a  result  of  the 
superposition  of  these  elementary  waves  a  sufficiently  sharp  pressure' 
transition,  characteristic  of  a  abode  wave.  Is  progressively  formed.  '  The 
mechanism  of  formation  of  a  shook  wave  from  these  elementary  compression 
impulses  was  show  schematically  In  Fig.  3^. 

The  curves  OD  describe  the  movement  of  a  flame  in  time  in  the  00- 
ordLoatee  t,  x.  This  curve  starts  from  separate  points  (elementary  compression 


wavaa)  the  rate  of  propagation  of  vhich  equals  ;/  r  and  the  greater  this 
is,  the  greater  the  velocity  of  the  flame.  This  leads  to  the  intersection 
of  these  characteristic  curves  and  the  formation  of  a  sufficiently  intense 
shock  wave  (see  §  23). 

The  intensity  of  the  shock  wave  increases  with  .the  propagation  of  the 
flame,  and  the  rate  of  movement  of  the  gas  increases  -with  it.  Thus  the 
rate  of  propagation  of  a  flame  in  a  ri.latively  motionless  mixture  will  be 

II-  III  i  ih.  {5!j»l) 

where  is  the  velocity  of  the  flame  in  a  relatively  moYlag  .gas  and  //, 
the  velocity  of  the  gas  compressed  by  the  shock  wave. 

The  origin  of  compression  waves  in  the  initial  gaseous  mixture  has  been 
demonstrated  by  instantaneous  photographs,  taken  by  Tepler's  method.  One 
such  photograph,  taken  Wiiie  heating  a  mixture  of  CH^  +  2  0,  is  shown  in 
Fig.  I5L.  Here  the  sharp  lines  of  the  oospression  waves  preceding  the 
fleme  front  are  clearly  seen. 

An  even  more  convincing  demonstration  of  the  formation  of  shock  waves 
dtiring  the  comlustion  of  gaseous  mixtures  is  the  autoignition  of  the  gas  at 
a  more  or  less  considerable  distance  in  front  of  the  flame  front. 


Fig, 131.  Origin  of  compression  waves  in  a  burning  gaseous  mixture 

(CH^  +  2O2) 


Thus  the  tBachanlsai  of  transition  of  combustion  into  detonation  comes 


to  the  following. 

Combustion  causes  movamoiit  of  the  gas  and  the  formation  of  shock  waves 
of  compression  preceding  toe  flame  front.  Conaeiuentiy,  propagation  of 
the  flame  occurs  in  a  compressed  and  moving  gas.  As  the  acceleration  of 
the  flame  Increases  ao  does  the  amplitude  of  the  shock  wave,  which  causes 
acceleration  of  the  flame,  and  so  on.  Detonation  occurs  when  the  intensity 
of  toe  shock  wave  reaches  some  critical  vu"  ue,  at  which  ignition  of  toe  gas 
and  constancy  of  toe  regime  at  the  wave  front  are  assured  as  a  result  of 
the  energy  of  reaction. 

Under  normal  combustion  oondlUons  the  velocity  of  a  flame  in  a 
relatively  motionless  gas  does  not  exceed  10  matre/sec.  even  in  a  very 
rapidly  burning  mixture.  However,  the  transition  from  combustion  to 
detonation  la  accompanied  by  acceleration  of  the  flame.  The  rate  of 
combustion  passes  through  an  Intermediate  value  of  toe  order  of  hundreds 
of  metres  per  second,  Ibe  movement  o 
the  flame  at  a  velocity  oonelderaUIy 
greater  than  that  for  propagation  by 
theraal  conduction  and  considerably 
less  than  that  for  propagation  by  a 
detonation  mechaniaB  is  easily 
explained  fxom  the  condition  of  the 
proeeases  proceeding  in  the  moving  gas. 

This  veloci^  intermediate  betweeo  detonation  and  slow  combustion 
corresponds  to  the  region  BC  on  Hugonl's  curve,  Ibis  region  does  not 
correspond  to  any  material  result  (^g.  132). 

The  point  M  corresponds  to  a  process  of  stationary  detcaatlon.  The 
point  F  corresponds  to  a  process  of  slow  stationary  combustion,  if  the 
flame  la  propagated  through  a  gas  with  the  parameters  of  state  />o,  co 


fig. 132,  Hugonl's  curve 


If  one  starts  from  the  ideas  on  non-statlonary  flame  propagation 
expressed  above,  then  it  is  possible  within  the  limits  of  hydrodynamic 
theory  to  construct  a  regime  vd.th  any  flame  velocityj  in  particular  with 
a  velocity  bet\/een  slow  combustion  and  detonation.  Zel'dovich  was  the 

first  to  carry  out  a  theoretical  study 
of  non-statlonury  combustion  processes. 

Flam"  frc.'*  tt 

We  shall  discuss  the  process  of  flame 
propagation  In  a  long  tube  of  constant 
cross-section  with  Igniv.on  of  gas 
at  the  closed  end.  In  agreenent  with 
the  machanisa  jot  combustion  established 

133.  Distribution  of  above  we  obtain  the  distribution  of 

pressure  in  a  burning  gas 

pressure  in  the  gas,  shown  in  Fig.  133 
some  intermediate  time  after  l^iitlon. 

Iba  rolume  United  by  the  sections  0  —  /  is  occupied  by  the  reaction 

products,  and  the  Volume  l—ll  by  the  compressed  moving  gas;  the  voliae 

to  the  right  of  II  oontalns  the  undisturbed  mixture.  With  the  passage  of 

time  the  pressure,  velocity,  and  other  parameters  of  tie  sons  I— II  increase, 

and  they  in  their  turn  cause  acceleration  of  the  flame..  However,  as  the 

velocity  of  the  fl.ame  increases  the  difforenoe  between  Its  velocity  and  that 

of  the  shock  wave  decreases  and  eiventually  they  ooli\clde  at  a  velocity  equal 

to  the  velocity  of  detonation.  Let  the  parameters  of  state  of  the  initial 

undisturbed  mixture  be  Po,  Vo,  uo  =  0; 

the  parameter  of  the  dxook  wave  being 

propagated  in  unreacted  gas  p,,  p,, 

Fig.134.  Distribution  of  Di  and  ui  *  and  those  of  the  products 

parameters  In  a  burning  gas. 

of  combustion:  ps,  cj,  Z),  and  “s  (Fig«l] 
Let  us  write  dowi  for  this  case  the  corresponding  relations  vdiich  arise  from 


tbe  laws  of  conserwatloa.  For  the  deGompositlon  svrfactt  II  we  cbtcJn 
the  known  relatlonshipst 


(55,2) 


idiere  co  Is  th«  Telorslty  of  sound  in  the  initial  gas. 

For  the  oonbustlon  zone  (separation  surfaces  I~ll)  in  vdilch  the 
heat  of  reaction  Q  is  liberated^  the  corresponding  equaUon  take  the  form 

0,-0,— j^(i  -  ('"•■’'>■ 

m-^ir 


where 


(68.4) 

(884) 

(Ssi) 


Xhe  equationa  cited  satisfy  the  boundary  conditions.  In  the  casis 
whsn  Q^O  and  ri  »  I  Ihe  equation  has  the  general  form  for  a  shock;  ware. 
In  the  detonation  case  we  hare 


Dt  —  Ui~V2{.k»—\)Q  +  ii  ' 

and  Ti  =  0  ,  i.e.  we  obtain  the  know  relation  for  a  process  >hlch  is  being 

i 

propagated  in  a  aiovlDg  gas.  This  arises  from  the  hydrodynaado  theory! of 
detonation. 

If  ignition  of  the  gas  started  at  the  closed  «id  of  the  tube,  then 

•  «,  =  0.  (55,7) 

Thus  in  the  oases  of  interest  to  us  we  have  six  equations  with  seoen 
unknownas  pi.  c,.  u, ,  Z?i,  pi,  v,,  and  D,.  By  fixing  one  of  these  parameters 

(for  example  tbe  valooity  of  tbe  flame  vhich  can  be  easily  determined 
63^ rimen  tally)  the  walues  of  all  the  renainlng  parameters  in  the  combustion 
sons  can  bo  calculated.  The  conditions  of  non-statlonaiy  combustion,  and 


ite  transition  to  detonation  can  bo  more  clearly  established  by  graphical 

interpretation  of  the  equations  obtained  (yig-  135). 

nm-ve  !  is  the  adiabatic  Hugoni  Ibr  the 

shock  wave;  oirve  II  j,tho  Hugoni  for  the 

final  products  of  reaction.  ’[tie  transition 

from  curve  /  to  curve  //  corresponds  to  the 

evolution  of  the  heat  of  reaction. 

Let  the  gas  in  front  of  the  llaae  front 

be  compressed  to  a  state  corresponding  to  the  Flg.l35>  Ihe  transition 

from  non-stationary  com- 

polnt  /fas  a  result  of  the  oombusUon  process.  bustlon  into  detonation. 
At  this  state  of  the  starting  material  the  rime  front  acquires  a  point 
velocity  corresponding  to  the  state  of  the  reaction  products  at  Oi.on  the 
adiabatic  curve  II .  Di.  lies  above  the  point  D 

If  the  pressure  of  the  oonpressed  mixture  In  front  of  the  flame  front 
remained  at  this  level ,  then  the  point  D  would  oorreapond  to  statlonaiy 
propagation  of  the  combustion  process  in  the  e~iDditlons  given. 

On  ftirther  propagation  of  the  process,  the  amplitude  of  the  shock  wave 
increases  and  this  aorreq>onds  to  a  movement  of  the  point  U  up  the  adiabatic 
curve  /.  It  is  plain  that  the  point  I*  will  also  move  along  the  ascending 
bi'endi  of  curve  //.  until  it  coincided  with  the  point  Af,  and  consequently 
the  rate  of  combustion  will  increase  accordingly. 

Finally,  »hen  the  pressure  at  the  front  of  the  shock  wave  reaches  a 
critical  value  at  which  Its  velocity  becomes  equal  to  the  velocity  of 
detonation,  then  autoi^iltion  of  the  oonpressed  gas  occurs  snd  the  state 
of  the  reaction  products  la  represented  by  the  point  M.  Only  In  this  way 

r 

does  the  propagation  of  the  shodc  wave  and  ofthe  reaction  zone  following 
it  become  stationary.  During  this  predetonation  period  flame  propagation 
In  the  relatively  compressed  moving  gas  is  determined  by  the  laws  of  heat 
transfor.  With  respect  to  the  undisturbed  and  non-moving  gas  mixture 


R#»otion  \  Oowpi'tttn  — 1 

product#  I  got  — -H 


Flu#  front 


propigoting 
velocity  in 
coEprM#ior. 
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propagation  of  the  flame  vdll  p'^ssess 
combined  "shock-heat"  mechanism  of  energy 
transfer. 


Fig. 13^.  Distortion  of  the  According  to  K.I.  Shchelkin  the  layer 

llpne  frpnt. 

of  compressed  gas  lying  along  the  side  is  decellerated  and  its  movement  in 
the  centre  of  the  tube  Is  correspondingly  accelerated;  in  this  way  turbulence 
of  ^e  gas  arises.  The  distribution  of  velocities  across  the  tube  is  not  in 
equilibrium  and  thie  leads  to  a  reorganisation  of  the  profile  of  the  flame 
Trent  (Fig.  I36)  and  an  Increase  in  the  combustion  process.  The  quantity  of 
substance  conmumed  In  unit  time  is  Increased  uniformly.  ^e  increased  rate 
of  aombustLon  in  its  turn  leads  to  an  Increase  in  the  velocity  of  the  moving 
gas  and  so  on. 

The  oonditloa  for  transition  frem  oombuetion  to  detonation  as  a  result 
of  autoaeeeleretlon  of  the  ilane  can  be  settled  by  photographing  the  process 
by  a  shadow  (sehleren)  method  on  a  moving  film.  One  such  photograph  is 
Shown  In  Fig.  I57.  The  transition  to  detonation  occurred  at  point  C  in  frent 
of  the  flAme  ftont.  At  this  moment  the  flsne  front  was  at  point 

The  mmohanims  of  the  transition  from  combuBtioa  to.  AaioPfltiQn..£pr.  PPadeasmd 


umiftirt iraa  does  not  differ  in  principle  from  the  mechanism  for  gaseous 
mixtures.  However#  this  trenaltdon  occurs  under  considarahLy  different 
conditions.  The  origin  of  a  shook  wave  and  the  movement  of  the  substance 
In  {toat  of  the  flame  front  are  practically  excluded  In  the  combustion  of 
a  condeoasd  uqplosivoi  the  fbtaation  of  a  ^ock  wave  occurs  behind  the 
flame  frent  in  the  burning  gaseous  raactlon  products.  A  chiaracterlstic  of 
the  combustion  of  condensed  explosives  is  the  ehaip  increase  in  volme  in 
the  Heme  lonc  thioh  results  from  the  transfbnation  of  the  explosive  into 
gaseous  products. 

If  these  gases  do  not  escape  fast  emouih  the  pressure  in  the  reaction 
aone  will  increase  continuously#  and  the  rate  of  combustion  will  increase. 


When  the  rate  of  combustion  reaches  a  critical  ralue,  steble  combustion 
becomes  Impossible  and  the  transformation  to  detonation  occurs. 


^8*  137*  TransfonatLon  of  combustion  of  a  gaseous  Bixture  Into  detonation. 

Dlstarbanee  of  statlonaiy  oombustLon  can  also  occur  as  a  result  of 
distortion  of  the  il«Be  front  thlch  results  in  an  Increase  of  the  oontaustion 
surface. 

Beljraev  formulated  the  oondittona  fbr  stable  oombustion  of  condensed 
explOBlTes  in  a  general  fom.  According  to  Belyaev  combustion  esn  only  be 
stable  ihen  the  fas  production  (from  the  reaction)  and  the  gas  loss  are  in 
aquUlbrlum.  Zf  the  rate  of  gas  production  is  greater  thn  the  rata  of  gas 
lo88|  then  the  preoass  will  accelerate.  The  disturbance  of  the  gas  bslsncs 
is  the  most  important  cause  of  ^e  transition  from  oombustion  iat.)  dstonstion. 
Xhs  critical  rate  of  stable  ccmbustlon  can  be  determined  from  the  equilibrium 
condition  for  the  rates  of  gas  formation  and  gas  lossi 

«here  Ui  is  the  rate  of  gas  prodhcUon  Wiloh  is  squsl  to  the  rate  of  oom- 
bustlon  la  i^om  aee.,  mid  '«t  is  the  rate  of  gee  loss. 

Acoording  to  Belyaev' a  approximate  calculation  the  critical  rsba  of 
soiibuia^cB  at  atao^herle  prsssure  fwz-  aormal  exploalvea  is  of  the  'ox^er  of 
7  8  g/os^  see.  If  >  7—8  g/om^  seo»  the  oombustion  will  be  aoa- 

stationery  ao  matter  what  the  Initial  pressure,  nd  oombustion  will  acoelerate. 


For  KOBt  exp].osLYes  the  normal  rate  of  combustion  Is  considerably  lower 
than  the  -  culated  critical  rate.  '..evertheleBB,  disturbance  of  stationary 
combustion  of  those  exjplosiYSS  is  possible  in  certaiii  conditions,  in  the 
first  place  tlien  the  fl-ame  front  is  distorted. 

The  wortc  o  Andreev  has  developed  further  the  ideas  outlined  above. 
Andreev  discussed  In  detail  the  rela^on  between  gas  production  and  gas  loss 
with  various  lavs  of  combustion. 

In  Fig.  138  the  lines  describing  gas  less  as  a  function  of  pressure  are 
designated  ui;  the  curves  of  gas  formation  are  marked  ui , 


Fig.  I3S.  Relation  between  gas  production,  gas  loss,  and  pressure 
with  various  laws  of  combustion. 

When  p  —  pn,  i.e.  when  the  pressure  at  the  flame  front  is  equal  to  the 

external  pressure,  the  gas  lose  Is  zero.  Vlith  Increase  In  the  pressure'/’. 

H 

the  gas  loss  increases  as  shown  on  the  curve,  and  then,  beginning  at  a 
pressure  about  twice  as  large  as  the  external  pressure,  the  gas  loss  increases 
in  proportion  with  the  pressure  i.e. 

Hj  Kpu 

iliare  the  coefficient  of  proportionality 


I  1  I  L'.MIO/-,,/-, 


i.oiy.  loi 


•  IK)  T’l  ’ 


2  f 

Ui  is  the  rate  of  gas  loss,  g/cm  seo.j  k  is  the  index  of  polytropyj 

2 

a  is  the  cross-sectional  opening  for  gas  loss,  cm  j  the  molecular 

weight  of  the  gases;  and  T,  Is  the  temperature  of  the  gases. 


For  diatomic  gases  .  , 


The  form  of  the  gas  formation  curve  it  determined  by  the  character  of 


relation  betvssn  ths  rate  of  cssbuetisn  and  ths  pressure. 


assume  that 

We  shall  discuss  three  oaseai  v<l,  v  =  l  v>l, 

Stationaxy  combustion  is  possible  and  stable  if  the  gas  formation  and 
gas  loss  eunres  Intersect  and  the  tangent  of  the  angle  of  inclination 
touches  the  gas  formation  ourva  la*'  than  the  tmxgmt  of  the  angle  of 
inclination  of  gas  loss  line  at  the  point  of  interaeetion. 

We  shall  first  diaouaa  graph  u  (fig.  133}  idisra  these  conditions  are 
fulfilled  (v<I)  .  Let  combustion  start  at  pressure  Po  st  this  pressurm 
gas  loss  is  sero.  1!he  praaaurc  at  the  flame  front  will  rise  until  a 
pressure  p,  is  reached,  at  which  the  gas  loss  and  tha  gas  formation  are 
equal.  From  the  graph  it  is  seen  that,  with  ,  the  interaeetion  of 

the  gas  formation  «td  gas  loss  eurras  always  permits  stable  combustion. 

With  v>l  (graph  e)  for  eurre  H  stable  oombustlon  is  ganerally 
impossible;  it  is  easily  shown  that  combustion  is  stabla  for  eurre  /.  if 
the  pressure  ie  less  than  Vr'and  unstable  at  greater  pressures. 

If  ><<=1  (graph  b),  two  eases  are  possible.  If  coefficient  B  is 
less  then  K  (the  tmgant  of  the  eng^e  of  inolinatlon  of  the  gas  loss  eurre), 
then  stabla  oombustlon  ie  possible  (line  /).  If  B  is  grsater  *han  K 
dins  //.)  then  gas  formation  is  greater  than  gas  loss  at  any  ralue  of  p , 
the  pressure  at  the  front  will  iaorassa  continuously  and  tha  process  will 
finish  as  s  detonation.  Bence  for  the  oombustioa  law 

it  ie  not  the  rate  but  the  parameter 


which  is  oritioal.  l.e.  the 


derivative  of  the  rate  with  respect  to  the  pressure.  Tnus,  with  the 
usual  l^aeur  dependence  of  the  rate  of  combustijn  on  the  pressure,  the 
ojnditlon  for  stable  oomtaustlon  is  equivalent  to  the  requi’“em«nt  th^t  the 
acceleration  of  ooalwstion  should  not  exceed  the  value  K.,  With  .'/=  28 

(CO;  .’Ig),  r  =  2?3D°K,  «  =  o!485  and  =  =  1,  we  get  K  =  7.5 

Andreev's  investigations  showed  tout  the  accelaratloi\  of  conb-jation  in 
all  the  hi^  explosives  he  studied  was  less  than  critical  value  even  at 
tanperatures  close  to  tiie  OLash  point,  and  hence  tlieir  oorehustion  was 
necessarily  stable. 

In  fact  this  is  only  possible  in  those  cases  in  >4iich  other  additiinol 
possibilities  of  accelerating  ooobusti.on  are  absent,  o.g.  in  particular  if  the 
explosive  retains  the  ability  to  bum  in  parallel  layers  at  higher  pressures 
as,  for  example,  in  characteristic  of  nitrocellulose  powders. 

In  the  case  of  pyroxylin  mid  other  porous  substances,  combustion  can 
penetrate  through  the  pores  Into  the  bulk  of  the  substance  under  known 
oondiUons;  the  combustion  surface  Increases  rapidly  and  the  gas  formation 
Is  above  the  limit  at  which  combustion  is  stable. 

Lauidan  showed  that  in  toe  oombustion  of  liquid  explosives  disturbance 
of  the  stability  of  ccnhustlon  was  produced  by  perturhation  of  the  flame 
front  by  turbulence  of  the  liquid.  The  flame  front  remained  stable  only 
if  the  mass  rate  of  oombustlon  did  not  exceed  Soae  limit  defined  by  toe 
equation 

I 

M„  =  [4«., /rpU.f*,  (55,8) 

where  a,  is  the  surface  tension  of  toe  liquid  at  its  boiling  point,  p  is 
the  density  of  the  gasoous  combustion  products,  is  the  density  of  the 
liquid,  and  g  is  the  accelerating  force  of  gravity. 

Since  most  organic  eiqiloBives  are  liquid  at  their  autoignition  temperatures 
one  can  apply  Landan's  criterion  to  then. 

“/f/ 


Anrlrsev  noted  that  Uie  parwueteru  on  tho  right  hand  side  of 

equation  (55»8)  changed  very  little  for  diffcr-jat  explo.iivea.  Consequently 

II, „  is  an  approximately  constant  parameter  at  a  given  pressure,  being 

2 

approxiriia tely  equal  to  0.25  6/ cm  sec  at  atmospheric  pressure. 

In  Table  92  are  cited  approximate  values  for  the  rate  of  combustion 
of  some  explosives  at  the  spark  temperature.  They  were  obtained  by 
Andreev  by  extrapolation  from  result;,  obt.’ined  t.t  auc'i  lower  ta:.pcrutu''?£. 

Rste  of  ooabustion  of  explosives  at  the  snar.c  tamoerature 


r-xploaivQ 

Rate  of  explosion  at 
snarx  tamo,  .k/cb*- sec 

Ch-iracter  of  spark 

Nitroglycerine 

--  0.5  ) 

0.7  j 

Sharp  sound,  sample  broke 

Nltromannltol 

into  small  pieces. 

Nitro^yeol 

0.096  ) 

0.120  j 

Weak  sound,  sample 

Heksogen 

TNT 

0.084  j 

0.040  ) 

remained  unbroken. 

L  „ 

It  is  seen  from  the  table  that,  apart  from  the  first  two  explosives, 
even  at  tn a  spark  toaperature  tho  rate  of  combustion  Is  considerably  less 
than  the  limiting  value.  These  data  agree  with  tho  character  of  the  spark 
of  the  oorresponding  e^qplosive  and  with  the  fact  that  disturbance  of 
stable  combustion  at  the  usual  beginning  temperatures  is  observed  at 
pressures  considerably  higher  than  atmospheric. 

From  this  acoount  the  follovdng  conclusions  can  be  drawn: 

1.  The  basic  principle  for  the  transition  from  combustion  to  detonatlop 
Is  disturbance  of  the  gas  balance.  This  occurs  if  the  rate  or  acceleration 
of  combustion  exceeds  some  critical  value. 


y -7  2- 


2.  For  «ost  explosives  which  are  capable 
of  combustion  the  parameters  u  end  are 
oonsiderebly  less  than  the  critical  values. 


J3.  Disturbance  of  stable  cottbustlon  of 

explosives  in  actual  conditions  is  most  frequently 
connected  with  curvature  of  the  dt-ne  front  and 
considerable  increase  in  the  combustion  surface 
as  a  result  of  either  combustion  inside  the 
substance  (porous,  explosives)  or  perturbation 
of  the  flamd  front  (liquid  explosives). 

Hifch  pressures  facilitate  the  occurrence  of 
these  phenomena. 

/  "  4.  Growth  of  pressure  at  the  flame  front 

vdth  a  compensating  gas  los^  is  the  cause  of  the 

Fig»l39«  Transition  from  formation  of  a  shod;  wave  (\+»'-'’  increases  in 
combustion  to  detonation 

with  mercury  fulminate.  amplitude  during  com>:»i3tiori)  in  the  reaction  zone 
A.  Ignition  point. 

CD.,  Detonation.  Subsequent  transition  to  dletonatlon  is  similar  to 

that  in  gaseous  mixtures  but  it  occurs  at  much  higher  critical  pressures  at 
the  fnjnt  of  the  shock  wave. 


3.  These  processes  are  accelerated  by 
enclosing  the  explosive  charge  in  a  casing. 

A  photograph  of  the  transition  from 
combustion  to  detonation  In  mercury  fulminate 


CoiabusUion 


is  shovm  in  Fig.  139.  Normal  detonation 
starts  at  point  C  vdiere  the  flume  front 
colnddes  with  the  front  of  the  pressure 


Fig. 140.  Diagram  of  transition 
from  combustion  to  detonation 
in  mercury  fulminate. 


wave.  In  Fig.  140  a  grt^ihicol  interpretation  of  this  photograph  is  given 
in  terns  of  the  coordinates  /)  end  /. 


It  is  seen  from  Fig.  140  thut  the  origin  of  a  detonation  t;ype  of 
decocpositiori  is  oonnected  with  a  sharply  increased  (discontlnuoui;)  rate 
of  propagation  of  the  process. 
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CrMPOSRja 


BRISAIfCE  OP  EXPLOSIVES 

^  56,  Methods  of  Eat iraatiiog  Brisajioe  Hieoretically. 

Brisanoe  -  this  ia  the  ability  of  eacploaives  to  effect  local  destructive 
action,  wiiich  ia  the  result  of  tlie  sudden  sliook  of  the  detonation  products 
through  the  material  surrounding  the  explosive. 

The  "brisanoe  effect  of  explosives  only  appears  at  close  distaiices  from  the 
site  of  the  eigjlosion,  where  the  pressure  and  bner^  liensity  of  -Hie  ojcplosion 
products  in  still  sufficiently  great.  On  moving  away  from  the  site  of  the  explosion 
the  mechanical  effects  are  shajply  reduced  as  a  consequence  of  the  steep  drop  in 
pressure,  velooiiy  and  other  parameters  of  the  e:!qDlo3lon  products.  Actually,  it 
follows  from  theory  that  in  tho  oase  of  aphoilool  symmstzy  tlio  proesure  in  tho 
explosion  products  ia  reduced  inversely  proportionally  to  where  is  tlie 
distance  from  the  explosion  source.  2his  follows  from  the  fact  tliat  tlio  highly 
conpressed  detonation  products  expand  according  to  the  law  />&*  =  const,  Tithere 
k  =  3,]  and 

The  aaximim  hrisance  effect  is  manifested  as  a  result  of  direct  contact  of 
tho  explosive  with  an  obstacle  disposed  peipendicularly  to  the  direction  of  propa^ 
gation  of  the  detonation  wave. 

The  fragmentation  effect  of  ai.imunition,  the  armour  piercing  effect  of 
the  detonation  products  and  other  forms  of  local  destruction,  for  exaiiTple,"  arc 
explained  by  ihe  phenomenon  of  tho  brisanoe  effect  of  explosives, 

Brisanoe,  togetlier  with  work  oapabilily;.  is  one  of  the  most  inportant 
oharaoteristics  of  an  explosive,  on  v/hich  is  based  their  relative  evaluation  and 
their  choice  for  one  or  other  tasks  (ftagmentation,’  blasting  media,  etc). 


mao  'bricaiiGC  properties  of  er-gploaivcc  are  iwt  dctexTiiined  conpletely  aixd 
identically  ’ey  tiiose  ijarameters  on  which  tlxeir  WDi-k  capability  depends,  Eio  work 
capability  depends  malnlj'’  on  the  potential  energy  of  the  explosive,  Q„,  the 
specific  volnmc  Ja  and  tlic  specific  heat  C  of  tlxe  gaseous  e^jlosion  products. 

Eie  v/ork  capability  and  fugacity  effect  of  anaqalooive  iiioreasea  vri.tli  lincreaso 
of  y„  and  So.  Sxc  detonation  velocity  Di  and  tlio  detonation  pressure  p..  ai’O 
tixe  detemining  factors  of  brisonce. 

Irotyl  aiid  amiotol  80/20  possess  apx-'foximateDy  equal  vrork  oapabilities.  ■ 

Eio  brisance  of  trotyl  significaixtly  exceeds  the  brisanoe  of  amnotol,  wiiich  is 
explained  by  its  liiglxai*  detonation  velocity. 

Variation  of  tlie  chai'gc  density  has  a  slight  effect  on  the  quaixtities  ;(5„ 
and  vn ,  and  oonsacjjicntly  also  on  the  work  capability  of  the  expilosive^  "but  on  tixe 
other  hand  exerts  a  considerable  influence  on  its  brisance.  Oiis  is  explained  by 
tlio  fact  tiiat  p  .  and  D  depend  strongly  on  the  initial  density  of  tixe  explosive, 
Srperinents  for  evaluating  brisance  tlieoretioally  have  been  carried  out  by 
muuerous  investigators  (BIXHEL' ,B12KKER,  KAST  etc,),' which,  Iwv/ever  ,  v/ere  based 
on  inadequately  accurate  plxysical  giounds.  As  a  consequence  of  this,  tixo  forawlae 
proposed  by  tliom  for  a  quantitative  characteristic  of  brisanoe  could  find  no 
practical  apixlication. 


EIK-iH'  ,  assui.dng  a  definite  velocity  for  the  process,  suggested  that  ■ 
brisaxioo  could  be  evaluated  by  tlie  quaiatity  vriiich  he  took  for  the  kinetic 

energy  of  the  detonation  products.  Ho  assumed  tlio  initial  velocity  of  the  latter, 
x'pr  this,  to  be  equal  to  the  detonation  velocity  D  of  the  exp-losive.  It  was 


established  ly  tJxeory  axid  by  exqperiments;  however,'  tliat  in  fact  the  initial  maxi- 


muiK  velooily  of  dispersion  of  the  explosion  picduots  for  the  majority  of  high 


exp.loc.i.vea  as  hagher  than  their  detonation:  velocity.  Moreover,  it 


siiould  be 


"borne  in  r.-and 


that  eoifforent  £;as  fractions  do  not  poaseoo  identic, al 


velocities.- 


On  detonation. 


considerable  redistribution  of  volociti-  occurs  of  tJie  t;ascou3 


emlooion  products  accordiniij;  to  theii*  liiacs. 
tile  mass  of  rias  possesses  a  hicii  velocity  ; 


Only  a  relatively  small  portion  of 
tile  ereatcr  portion  of  the  mass  of 


gas  possesses  relatively  lovr  velocities  (see  partuSO), 


REDL  conaidered  it  more  accurate  to  ciiaractoriso  briseiico  by  the  cpianti-ty 
ffiO,  i.  e,  the  momentum  of  tlie  caseous  explosion  products.  Assur.iinc,"  as  a  result 
of  tills,"  the  sojiio  errors  as  BIKH2L,  it  did  not,  liov/ever,  talce  into  account  tiio 
fact  tliat  on  encountering  .on  obstacle,  tlic  irapulse  of  the  e:^ilosion  considerably 
inoreases  as  a  result  of  refledtion. 


HE23  and  KAST  assumed  tliat  brisance  should  be  characterised  by  tiio  pov/er 
of  tlie  explosive.  liESS,"  tliereforc,"  VTitiiout  taldn"  into  account  tlio  initial  den¬ 
sity  of  the  explosive,  related  tlic  pov/er  to  unit  weielit  of  sxilosivc.  on 


the  other  hand,"  asaignod  a  larco  importance  to  the  density,  oiid  suecosted  tivat 
briaanoc  sliould  bo  evaluated  by  the  pov/er  per  unit  volume  of  eoplosivc. 


KAST  oU£C®2"fc®^  tlic  po'.ror 


should  be  charaoterised  by  tlic  eoprossion 


(oC.l) 


where  is  tiie  maximum  vrork  done  by  the  explosion  prod4Uots,.,'!  is  tiic  time 

over  v/hich  it  takes  place  and  Po  is  tlie  density  of  tlie  explosive. 


Aooordinc  to  KAST,  t  is  inversely  proportional  to  tlic  detonation  velocity, 
and  tlio  TOrk  done,  ,  is  proportional  to  the  "piower”  F,  Au  a  result,"  tiie 
folloalni:;  formula  was  j/roposed  by  them  for  estimating  tlia  brisanoo  oi-  tui 


explosive  ; 


Bo^FDfa. 


O 


; 


K.K,fflIITKO,  assurains  tiic  absence  of  strict  proportionali-iy  between 
(equal  to  the  potential  enerQr  of  tiie  explosive,  QO  and  F,  and  also  ass-o:rAr. 

w 

t 

that  'Wiicra  /-is  the  charge  length,  suggested  thatit  was  more  accurate 


to  evaluate  povvor  ty  tho  rolationsl'ap 

(tC.S) 

He  assigned  this,  quantity  to  the  energy  stress  as  a  result  of  tlia  e3q>loBion. 

Tho  values  of  j5  calculated  accordin.g  to  fortaila  (56.5)  for  certain  explosives, 
are  presented  in  Table  95. 


Table  95 

Energy  Stresses,  of  Certain  Explosives 


' 

Nazae  of  Explosive 

Oensij^ 

g/am"^ 

fo. 

Linear  di¬ 
mensions  of 
charge  S,a 

Heat  of 
explosion, 
kcal/kg 

Detonation 
velocity, 
m/ sec 

Power  ;■ 

kcal/l, sec 

immotol  80/20 

,kL,50 

0.018 

1010 

5300 

74  .  10^ 

Oxyliqulte 

1.00 

0.100 

2000 

5000 

100,10® 

i 

Trotyl 

1.52 

0.108 

1010 

6600 

93  ..  10® 

Tetryl 

1.53 

0.108 

1090 

7300 

117  .  10® 

PETN 

1.55 

0.108 

1400 

7300 

156  .  10® 

Formulae  (56.2.)  and  (56.3)  have  found  seme  application  for  the  quantitative 
estimation  of  briaanoe  of  explosives  and  in  general  gives  satisfactory  aipreenent 
v/ith  that  found  in  practise .  Thus.,  in  acoordanoo  ydth  tho  data  from  Table  93  tho 
brisance  should  increase  with  successive  transition  from  aramotol  to  EETN,  which 
is,  i».  fact  verified  by  e::q5erimontal  results. 

Nevertheless,  Formulae  (56.2)  and  C5S«S)  are,  to  a  consddorahle  extent,  of 
an  arbitrary  nature.  This  is  exjilained  first  of  all  by  tlie  fact  that  in  the- 
formulae  mentioned  the  time  .t  ,  during  which  the  oaQjlosion  products  do  vrork,  is 
assumed  to  be  proportional  to  or  equal  to  the  time  of  travei-se  of  the  detonation 
through  tho  chars®,  which  ia  not  trae.  Thus,  for  example,  wder  conditions  of 
simultaneous,  double-ended  initiation  of  an  es^losive  charge,  its  detonation  time 
dccreasoa  by  a  factor  of  two.  It  ia  obvious,  however,  that  this,  oircsumstance 
cannot-,  in  itself,  iavolvo  either  an  increase  in  the  power  or  the  brisance  effect 


of  the  explosive. 

The  duration  of  tlio  vrork  dona  by  the  explosion  producta  is  not  detoi'iiiined 
uniquely  by  the  detonation  velocity,  but  it  depends  also  on  the  nature  of  the 
obstacle  and  on  certain  other  factors  and  it  does,  not  give  an  accairate  quajxtjb- 
tative  detensination. 

Prom  what  has  becix  suggested  above,  it  follows  that  PonefLae  (56,2.)  and 
(56.3)  cannot  be  proposed  as  the  basis  of  any  calculations  associated  v/ith  a 
quantitatitfo  evaluation  of  the  local  brisance  effect  of  an  explosion, 

BSIuGl^,  RUICfJBERG  and  SCrCvllX?,  in  order  to  interpret  the  concept  of  bri- 
sanoe-,  proceeded  from  accurate  hydrodyncjnie  representations  of  the  process  of 
detonation,  Por  thiis,  ESCKER  eiod  SCJ-C.ilDT  assxsned  that  brisaixco  of  an  explosive 
should  be  oharaotorised  by  a  rapid  change  in  pressure  at  tloe  detonation  wave 
front,  v;hich,  as  is  v/ell-knovra,  is  determined  by  the  expression 

Ap^  —  p^uD.  (56,4) 

RUDEl'IbERG.,  proceeding  fixa  the  representation,  accurate  in  principle, 
that  on  encountering  the  obstacle,  as  a  consequence  of  the  movement  of  the  dct6- 
nation  products  to  the  wall,  they  v."!!!  be  oc..:preo,saci  arui  the  pressure  vridl  bo 
increased,  suggested  that  brdsenca-  could  be  o-xaraotcrised  by  the  sum  of  the 
quantities 

=  +  (56.5) 


called  by  Ixim  the  impulsive  force.  ia  the  momentum  of  'iho  detonation  pro¬ 

ducts  in  the  region  of  the  detonation  wove. 


Por  a  strong  detonation  wave 


and 

v/hence 


k(k+\) 


k  ’ 


S'oa 


which  Tor  ■  A’  =  3  give; 


Pxap  3  Pi- 

The  oxprcocioa.  v..-c^)oscd  by  RirijIir3E?£-,  ic,  nc-o  3ufi?icicnbly  accui-c.-e.  The 
actual  proccure  c:cx:ric.uccd  by  the  wall  at  the  sitC'  of  encounter  ivith  the  deto¬ 
nation  v/ava,  is  detenflined  by  the  cor.ditiona  of  its.  reflection  fraa  the  v/cll  and 
iav  easily  dctos'.r.i:io<l  by  thcoroticai  calculation  (oeo-  para.  <1-3 )  . 

^  57.  The  In^TUlse,  recultcng  frer;.  Sefloction  of  the 
jlc''conataon  '/ave  cron  tnc  \/aua. 

The  theoretical  calculation  of  the  iapulac  resulting  from  reflection  of 
a  detonation  v/ave'  from  a  v/all  has  been  given  by  ZEL’DOVICIi  and  STiilvYUItOVSICCI. 

Let  us  consider  this  problem. 

Suppose  that  a  plane  detonation  wave  is  Mitiatod  at  the  Icft-lia-'id  open 
end  of  an  explosive  charge  (at  the  origin  of  coordinates).  The  length  of  the 
charge  i&  /  j  a  noa-deformable.-  v/ali  is  situatocJ.  at  the  right-liand  oi'.d  for  x  —  l  , 
(Fig,  141) . 

The  gas  dynamlo;  ccj^ations.  for  u:iif orm  isentropic  f lov;  have  the  form 

+  ^=0.  (57.1) 

V/o  can  write  (57,l)  for  tho  case  when  = 

0(u±c)  ,  dUiozt) _ n 

— 57— +  =  0'  (57.2) 

The  soiiution  of  (57,2),  in  oocordanoe  ^Tith  i./ira.25  v/ill  be 


(57.2) 


x  —  (n-rc)/  +  P\  (ii  +  c), 
x  =  (u—c)i  +  F2  (u  —  c), 


■  \^o7  •  oy 


v/herc  f ,  and  .Fi  ■  i^x-a  arbitrary  functions. 

'  I 

For  the  reflected  v/a.vo  the  solution  is  finite  for  , 

is  a  result  of  tids,  “^0,  r=aZJ,;  j  it  follows  from  this,  that 


(d7.4} 


From  the  isentropy  equatioii:  p  =  it.  xollows  thai 


;±iice  for  k  —  Z,  c~p 


tlion 


(57.10) 

Pi  K‘i) 

Substituting  in  ecuation  (57.10)  the-  value  of  c  from  (57.8)  and  assuming  that 

•i  r\  j 

Ci~-^u,  obtain 

04  /  i  \i  ;  , 

P^WPiiotJ-  ^  (57.11) 

Equation  (57.11)  gives  the  la'T  of  variation  of  pressure  at  the  v/all.  Ihis 
relationship  ia  presented  graplrLcally  ii'.  figure.  142.  Eio  total  impulse  as  a 
result  of  reflection  of  the  detonation  vAve  IVom  the  wall  is 

f J ~  =  ~Spi-^  ,  .■  (57.12) 


1 

h  • 


vdiera  5,  ia  the  oros3.-sootioiaol  area  of  the  esq^losive  charge. 

Since  ... 

Pf.=  TPo^*> 


thcii  we  have  f  inalli' 


^  ~  57  ^  niD, 


(57.13) 


where  m  =  Sp(il  is  the  mass  of  the  oiwgo. 

It  can  bo  aocn  from  Fig,  l<l-2  tiuit  the  ■.a-oasure  at  the  v.'all,  falls  exceedingly 

rapidly.  It  followo  from  this  tiiat  the  iapulse,  depending  on  tiie  local  aotion 

of  the  explosion  (depicted  a.  the  graph  by  tho  hatched  area),  ia  iupartod  to  the 

2l 

obstacle  essentially  ai'ter  aii  extremely  short  interval  of  time  t  ,  equal  to 

tho  -transit  tiiio  of  the  farefootibn  --  ftfxva  tlurough.  the  charge.  is  the  velocity 


of  tho  rarefaction  wave. 

In  tho  caao  v/hen  0^=  8000  ra/aeo  and  /  =.  20  cm,  /?=  5  •  lO”^  sac. 
j\f tor  this  time  the  pressure  falls  to  the  value  p,  =  -^Pi.  j  vdiioii  is  still 
quite  large  and  usually  exceeds  tho  elastic  limit  of  deformation,  of  tho  respoo- 


.5b)  3 


tive  matai’ials 


Xiv  xs-  i’lGOOsCv'--'^  ijo  i/wuCC  liii'co  G,codit.i  c^i!LGi-tj.w4iu.i.Li — ^ 

explosion  effect  mider  conciitio/ic  of  clirsct  contact  of  tr.o  clwa-^e  vrxth  the  ob¬ 
stacle  is  not  entirely  dependent  on  the  irr.pulce  iii  .•'.  r.vrabcr  of  cacos,  but  only 
iipon  a  certain  part  of  it,  a-'tor  tlic  tiuo  of  ...etion  of  nieich  the  pro  SSlll''C;  CfOCiS 
not  fall  holov;:  a  certain  critical  li'nit,  depending  on  the  structure  and  roechani- 
cal  ol'icraotcrictios.  of  the  obctaclo  r-iatcrief.. 

^■'^reover,  in  the-  scrao  cnlculationa  one  chouid  ted-co  into  account  the  aotial 
maxiTiUin  pressm-e  originating  at  the  'boui’.dai'y  of  separation  of  the  inedi’a  an  a 
res'olt  of  the  reflection,  vfjich  dependa  conaideraoly  on  the  i’olationsliip  bat-iveen 
the  density  and  conipresaibility  of  the  detonation  products  and  of  the  nediua 
itself.  Methods  of  calculation  of  these  pressures  arc  considered  in  detail  in 
Chapter  IX. 

KoTOver,  in  a  number  of  oases  for  iioneral  estimation  of  the  urisaiicc 
efi’ect  of  charges,  it  ia  sufficient  to  lasc.T  the' detonation  pressure  of  the  ox- 
plosive  and.  thg  speoifio  ic^iulsei  as  a  result  of  i-eflection  of  the  detonation  pro¬ 
ducts  from  an  absolutely  non-dcformi;is  wall.  Both  those  quantities  ore  easily 
derived  by  theoretical  calculation. 

It  follov/s  from  expa'ession  (57.13)  thnu  the  speoifio.-  i!n;;;Mlso,  depondi;‘<i 
(to  a  first  approximation)  on  the  local  brisciice  effect  of  the  e:q?lo3ive,  depends 
not  only  on  the  detonation  velocity  and.  the  density  of  the  enplocivc,  but  also  on 
the  weight  and  geoiriotrical  parameters  of  the  ohn.rge. 

It  also  follo\ra  from  expression  (57,13)  that  the  impulse,  for  api)ro;f.,- 
mately  the  same  conditions,  should,  inoreaso  linearly  \7ith  ii-iorease  iii  dotonauion 
velocity,  Kence  it  foUovrs  that  the  irapulse  of  a  charge  of  a  given  ojiplosivu  may 
be  considerably  increased  as  a  result  of  an-  inoreaso  in  density  of  the  clierge  ; 
since  D  =  Ap^  ,  then  tlie  folloiving  relationshn.p  should  consequently  bo  acl-iieved  j 


3cj.urttion  (57.13)  ascmios  u.  linear’  rcl&v;ionDhr:>  'bct\'/'carj  Iv.polso  e;id 
lenjjth,  wiiich  is-  notj  ill  factj  obaorvcd,  2h.ia  is  eiimlaiiisd.  by  ths  fact  tiiat  in. 
practice  it  is  not  possible  to  realise-  strictly  ono-dir.cn3ior.al  r.otion  o*  tr.o 
detonation  products  and  tho  complete  ozcluoion  of  their  aidoviaya  flight  oven 
for  a  closed  ciiarge  in  a  sufficiently  strong  envelope. 

fl0(v;ever,  relationship  (57»13)  can  be  u.i;,d  not  only  for  tho  ono-dii'scnsionsl 


case  bit  also  for  the  tlrreo-disicnsional  caso.  ZTor  this  it 


Figure  li-Z.  I/ispersion  of  the 


sta  vU  wO  'wxio  mass  oa 


detonation  products  from  tlie  ends  ■  the-  charge  in  place 
of  a  cylindrical  charge.  the  ohorgo,  v;h.ich  c; 


■Mij  necessary  uO  uUb— 
the  active  pos’tion  of 
of  the  total  mass  of 
r.  be  calculated  v.lth 


a  - - h 


devolopmont  in  the  v/orh  of  3AlKi  oi: 


'flic  -hieciy  of  the  entivo  por-iiion  of 
a  charge  ras  '.vOi-hed  out  by  Q.Z.  VUSOV, 
G.I,  POICw'/SiCX  and,  it  received  fur'thcs'’ 

.a  SfifninO'/lCK.  5y  the  aot_ve  portion  of  a 


charge  is  meant  tliat  portion  of  .a  ciuirgc  fear.  v;hich  t.io  vl-toru-tion  p:.'.cducts  arc 
ai.sporscd  i.*  a  gi/on  aareOi.j*on.  t— w.i  w«.crcb..^.dg  o*.u.rg..  aeng-m  cor  a  gaven  aaa^ 


motcrj  the  aotxve  oiass  or  she  chae.'-gc  njicrcixscs.  only  up  uo  a  imovai  limit*  liic 
limiting  mass  of  the  active  portion  of  tho  charge  can  be  calculated  in  tho 
follovjing  manner. 


Suppose  tliat  initiation  of  a  cylindrical  charge  talcos  place  in  an  arbitrary 
section  dividing  the  charge  into  tivo  parts  (  a  and  b  ),  shown  in  Fig.lGS. 

Itrom  the  thcorj'  of  '  simultaneous’  dispersion  of  tho  detonation  products 
it  is  hnoTO  that  in  this  case,  for  the  detonation  products  dispersing  in 
opposite  directions,  the  following  relatioiiships  are  valid  : 


r'O  Q 


=  Po- 


5a  s-  45 


(57.15) 


where  /«,  aiiA:  nij  th.  di^pcrsiLii^  lc*v  and  to  risht  I'cspeoydvely. 

If  the  ci-jar^c  i.iitiaticn  io.  nt  the  lof-t-h;..d  cnd^  then  i/9  of  tlia  total 
mass  of  the  chcn':,;  is  cjectod  to  the  aide  in  viiich  tiic  uotonation  ia  propagatod 
(to  the  richt).  Kov/evor,  as  a  cor.aoq.ucnce  of  the  ■'  siarultaneous  flight  of  the 
detoioation  produots  from  the  cido-  surface,  the  active  aass  of  tlio  oharga  is 
reduced. 

If  V  ■  ia  the  velocity  of  -the  i\a'ef  action  wave  propagated  from  the  lateral 
suri’ace  tov/ards  the  axis  of  the  charge,  c.\d  its  r-?diuo  is  r  ,  then  the  limiting 
length  of  the  active  portion  of  the  charge  is  doterrainod  fcco  the  condition 


—  —  I  =r  — 

V  ~  D  ‘  V  ‘ 


(57.16) 


and  the  active  mass  vd.ll  occupy  a  volxime  of  a  cone  with  a  base  radius  of  r  and 


a  height  '^iia  ,  i.e. 


(67.17) 


where  is  tlie  limiting  active  auxss  of  the  clvargo. 


Assuming  tliat  y  ,  whicli  is  sufficiently  close  for  practical  appli¬ 

cation,'  and  relating  the  active  mass  to  the  unit  of  surface'  of  origin  of  the 


charge,  we  obtain 


Xln  ■3'  (57.18) 

It  is.  dbvious  frem  (57.15)  ana  (57.16)  that  the  limitir.g  value  of  the 
aotive  mass  for  a  given  diamoter  of  charge  is  attained  for  a  charge  length  of 
'l  =  Y’'  •  it  follovro  that  the  increase  in.  specific;  impulse  as  a, result 

of  an  increase  in  the  cJ.iargo  length  should  orily  take  place  up  to  a  known  limit. 
By  increasing  the  charge  length  above  its.  optimum  value  ^iopti~T'’.  (i’OJ?  this 
4  ==-g-4iin  ■  )  nuo  increase  of  impulse  should  be- o’Dser\’'cd  (i''ig»144). 

If  the  charge  length  I  >  then  the  active  mass  of  the  charge  is 

determined  by  the  volvuna  of  a  truncated  cone,  the  height  of  vdiich  is  equal  to 


(?is.a45). 

The  nio.sc.  cr  w'lt,  e.0'j:LVe  ^yoctic;"  oJ  'v—j  clioi'^e  ic.  ciinc'cccoa.  in  "trcLc  ease  ’ey 
the  iOllovviioj  rclo.iioi'i.»jiip 

■\‘j  ^  i>; /■  '  i* jV v,ov',;.../7 


Usinv  the  oa-ie  eoiioihj: 
the  char;'o,  and  oonaei.uently 
vd.th  inoreaae  in  charijo  ch.or„ 
fflRura  144.  Active  portion  i 
ciiarsc  for 


■  .Ja  W  Vataa.  ;a  a  vaae..-i  WaaCv  Wa  aO  aOO^'VC  ^aOS'u^Oal  Oal 

also  the  cpeci,fic  i.r-pulce..  should  also  incro;..oo 
eico',  asyiiptotically  appi'oaciu;";^  a  iianite  liniit. 

Active  portion  of  an 
ohai’-o  for/</i^  ,, 


of  an  open 

/>/,.  a 


Jl-'-aire 


onen 


1 


Eie  “Iioorctical  relationships  o'otainea  above  for  the  impulse  resultiia^ 
from  an  explosion,  and  the  conclusiOais  reached  i;»  relation,  to  the  estimation  of 
the  'brisanco  of  cjqjlosivcs  are-  verified  by  tho  results,  of  e;cpau'imcntol  investi¬ 
gations. 

C 

58.  Kethods  end  liesults  of  Ihiperiiuontsl 
DeteKniiiations  of  Impulses. 

Tho  most  reliable  instnvaent  for  dcteiT.iining  impulses  at  tho  surface  .of 
detonating  charges  is  the  'balliotic  psndulvuH. 

In  order  to  detormine  tho  impulse /a  zootal  plate  is  placed  at  t;-.o  end  aui'face 
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of  a  chajr-ge.  i'he  x^late,  a.a  a  result  of  dc;to;ia,t:.o;i  of  iho  ohca'^c 
momoiitum  acquired  by  it  to  the  peiidulur;..  'fiio  hr.pulso  resultins  : 
determined  by  tlae  angle  of  deflection  of  the  1“  oi'dor 


^  vranciii^t^  i^nc 
Zrom  tniLS  j.c 
that  too  nen- 


dulum  oomplctoly  acquires  tiic  vdaolo  of  the  iiiurulse,  it  i,;  e:...ai'.ti&l  that  >*c  a 
result  of  the  ecq^losion  premature  destruction  of  ti.e  -^lu-ca  should  r.ov  ocov..-;  ii' 
the;,  contrary  is  tiio  cuscj  fragjsar.ts  frc.s  at  t..rc  ci>-c'u^d  ul— »..gh  rai'.dcin  trajec- 
toi-ies  and  they  only  partiallj'’  strike  uXaO  .Vi u»a t  A  'j CA^er Ciu  Vj.Civi  pvu** 

dulum  is  aliovm  in  figtl4G,  lit  order  to  measure  icpaisca  uiader  conditions  of 
direct  cont£  t  between  the  ciiorgc  and  the  pendulisTi,  the  “bob"  1  l^s  roiaoveable 
anvils.  2, 


We  shall  derive  the  calculated  foi-mula  fos-  determining:  tlie  iir.pulse  v/±th 
respect  to  the  measured  angle  of  deflection  of  the  poruiulum. 
gjgure  14d.  Ballistic:  Pendulum 


Vie  introduce  the  follovri.ng  symbols  ;  ’  m  is  the  uiasa  of  the  plate  projected 
at  the  pendulum,  ^  is  the  velocity  of  the  jclate,  R  is  the  radius  of  impac'c  of 
the  plat.!,  ao.is  the  angular  velocity  of  the  pciidulum,  R  is  the  moment  of 
inertia  of  the  plate,  L  is  the  distance  from  tiie  axis  of  suspension  to  the 
centre  of  gravity  of  the  plate,  and  »  is  the  ar:glo  of  deflection  o-:'  the  pendulum 


On  the  basis  of  the  Lai’/s-  of  Conservation  of  Koaiciitum  end  Energy  \ro  have 

tJiv/i  =  +  K)  o>o, 


Y  {K  +  ‘^l~g  [ML  -(-  mR)  (1  —  cos  «). 


(sa.i) 

(58.2) 


Solving  simultaneously  these  tvro  equations  and  substituting  l  —  cos  a- .“2  sin* 4 -i  . 


v/e  obtain 


whence 


mv  ~y(M  +  m)  gL  [mR'^  -j-K)- 


(53.3) 


Neglecting  in  equation  (58.3)  aiid  m  in  comparison  \rith  R  and  M  respectively, 


we  obtain 

2  am  4  _ 

mv  =  — ^YMsLK>  (,55t4t) 

The  period  of  ;  all.  oscillations  of  a  physical  pendulum  is 

Detomining  R  fTcm  this  expression  oetd  substituting  in  (58.4)  we  have 


(58.5) 


H  2® 


(53.6) 


,  TMi:L  .  a  , 


(58.7) 


v/here  the  quantity  =  C  is  the  pendulum  constant  (Q  a  M's  is  the  weight  of 

the  pendulum  ). 

By  carrying  out  the  experiment  under  conditions,  of  direct  contact  betvTeen 
the  charge  aiid  the  pondulian,  R~L.  .  In  order  to  dotoimino  the  pendulum  oonstant 
it  is  necessary  to  knovr  the  period  of  oscillation  .7’, and  the  static  moment  yi  of 
the  pendulum,  vdiich  is  easily  dotermiiiod.  by  experiment. 

The  first  systomatioi  studies  in  determining  imp’vilsoa  resulting  from  an 


e:q?loaion  and  the  establishment  of  tlie  relatioasMp  botjoen  specific  ia^valse 
and  the  ooii^iresaion  of  copper  o'  ^  lead  ci-nshers  were  cai-ried  out  by  M.A.SADOVSICEI 
and  P.P.POKinij  .  Eie  relationship  between  impulse^  wcl<>it  aiid  coometricol  pexa- 
metcra  of  the  cliarco  can  be  va-itteia  by  means  of  iiie  foiT.v.J.a 

'  l==kP~,  (33.8) 

where  A  io  a  coefficient,'  dependina  on  tlio  power  of  tlae  explosive,  P  is  the 
ohargo  TOiaht,  u  is  the  base  area  of  tho  ohsi'gc  in  contact  v/itli  ■!;ho  pendnlmn 

4 

and  IJ  Is  tlie  surface  area  of  tlio  chai’ec, 

Aosuming  that  the  momentum  of  the  explosion  products  is  proportional  to 
tho  velocity  of  motion,  wMcli  in  its  tuna  is  proportional  to  tl:c  dctoiaation 
velocity  tho  authors  derived  fonmla  (58.3)  in  tlao  follov/ing  form  ; 

(53,0) 

where  AMs  tho  charge  moss* 

Table  94-  presents  expei'iniental  data  shovdng  the  effect  of  detonation 
velocity  was  achieved  by  vaiying  the  density  of  ohargos  of  trotyl  and  piolegd 
matized  hexogen, The  weight  of  the  charges  \ras  50g,  and  tho  diameter  was  -tOaun. 


Table  94 

Relationship  between  specific  iitpulse  and  detonation  velocity 


Trotyl 

Phlegmatizod  hoxogen  j 

g/cm3 

‘ k&  sec/cm^ 

D,'  ir/oeo 

i  1  kg.  Dcc/oa^ 

D,  m/seo 

1.20 

0.512 

6400 

1,25 

■  - 

- 

0*  o25 

6660 

1,30 

0.  285 

6025 

0.536 

6870 

1.35 

0.295 

C200 

0.545- 

7060 

1.4-0 

0.505 

6520 

0,555  ■ 

7550 

1.45 

0.511 

6440 

•M 

1,50 

a  520 

6440 

_ 

- 

«• 

_ 

It  can  bo  seen  from  Pig.  147  that  for  .given  charge  .oharaoteristios 


(constant  wsisht  and  eUajnoter)  tho  relationshJ-x^  between  iitriiulae  and  detonation 
velocity  for  two  oasentially  different  exploaivca  (trotyl  and  phlegmatized 
hexDcen  )j  as  also  required  ly  theory,  is  expressed  ty  one  and  the  -same  linear 
relationships'  Dlls  relationship,"  obviously,"  should  be  of  a  general  nature.^ 

f 

Figure  147.  Relationship  between  specifio  iitpulae  and  detonation 

velooity,  ■ 


It  oan  also  Tso  seen  froia  Table  94  that  v/itli  increase  of  density  of  tho 

.  CE  ct  « 

tawtyl  from  IsSO  ^cm  to  ls50  g/om  end  for  phlegiiatized  hexogen  from  I«20  g/onr 
to  Is  40  g/om^i  the  specific  iapulse  la  both  oases  is  increased  by  12  «  ,• 

S^qsressiori  (57,14)  ,  v^oh  results  froa  theory,"  requires  a 
relationship  bettreen  log  i  and  log  ip^  which  is  well  borne  out  by  results  of 
er^erlment  (Plg,148), 

With  increase  in  charge  diameter  for  constant  height;  the  speoific  impulse, 
as  also  would  be  expected,  increases,  which  for  example  con  be  seen  fr^^mthe 
flata  obtained  ty  VERBOVSKTl  for  trotyl,"  ani  presented  in  Fig.  149. 


^11 


gi.PT.xro  J.49, 


ginure  148,  Relationsliip  botv/een 
impxilse  and  oharco  deixsi-ty  ; 

1  -  Trotyl,  ohai'se  xreislit  22. 8£, 

2  -  PhlecniatizQd  hexoccii,  cliaree 
Yfeigbt  22. 8g,  S  ■»  Phlegmatiaed 
hexogen,'  charge  weij^t  53.8a. 


,  Relationship  between 
specific  irrpulsa  and  charge 
diajneter(height  of  charge  .H  =  OOmm) 


The  increase  of  iirjjulae  in  the  given  case  is  explained  by  the  substaixtiai 
increase  of  the  active  portion  of  the  charge  vdth  increase  of  its  dianeter,' 

On  >the 'basis  of  thooiy  and  from  Pig.  149  it  oan  be  concluded  that  for  a 
sufficiently  largo  diameter  of  the  charge  the  inaxamum  increase  will  still  have 
no  noticeable  effect  on  the  specifLo  inpulse. 

In  Table  95  are  presented  values  of  impulses  established  experimentally 
and  calculated  according  to  formula  (57,15)  for  trotyl  charges,  based  on  data 
ocnoeming  the  active  portion  of  the  charge.  As  con  be  seen  from  the  table,' 
tlio  calculated  values  are  fovmd  to  be  in  satisfactory  agreement  with  the  experi¬ 
mental  values. 


S^/i' 


Table  95 


Calculated  and  eiperiiviental  values  of  speoifio  ir.'^pulaes 


Cliargo  dimensions 

Den.sitjf 

s/aaP 

i>t  ir/ sec 

[  XvC'j  c.C 

;ific 

■  H,  mm 

}  , 

H 

S  kg,sec/cm^ 
(experiment) 

i  j  lijOC,/  I 

(ceJculatcd) 

80 

20.0 

1.40 

6320 

0.162 

0.178 

80 

23.5 

1.'40 

6520 

0.217 

0.208 

80 

31.4 

6520 

0.305 

0.230 

80 

40.0 

1.40 

6320 

0.373 

C.S60 

70 

20.0 

1.50 

6640 

0.205 

0.200 

70 

23.5 

1.50 

6640 

0.266 

0.  234 

70  ' 

31.4 

1.50 

6640 

0,325 

a.  514 

43 

.  40.0 

1.30 

6025 

0.206 

0,272 

61 

40.0 

1.50 

6025  ■ 

0.S16 

0.305 

67 

40.0 

1.50 

6025 

0.313 

0.310 

An  exaii^ple  of  the  calculation  of  i  is  sho^vn  belov/,-  Suppose  that  for  a 

charge  of  trolyl  of  height  A/ «  80  mm  and  diameter  c(  s  20  r.Ei,  po  =  l,3  g/am^  eiid 

P‘*  6025  n/soo, 

’M 

Since  •^>2.25,  .»  than  the  limitiiTg  active  mass  of  iiia  charge  is 

Wflf  ™  ■g"  Tir*po. 

Since 


then 


po  = 


1.3  .lO  , . 2/„4 

'  oTn  hg*  oeo  /m  , 


, 0.316  kc.sec/ca»2 


By  enclosing  the  cliarge  iji  a  case,  propagation  of  tlie  lateral  rarefaction 
Waves  in  the  detonating  charge  is  lir.uted'to  a  greater  or  lesser  extent,'  wlilch 
leads  to  a  corresponding  increase  of  specific  inpulse  at  its  end.  ’iiitli  ii'icrcase 
of  density  and  tiiioloieso  of  the  case,'  the  iimulso  is  notLceaKLy  increased,: 

Some  data  illuatrating  the  effect  of  these  factors  on  the  specific  ir5?;alce  are 
presented  in  Table  96, 

It  should  bo  noted  that  the  presence  of  a  oase  leads  to  a,  considerable 
increase  in  briaance. 


Table  96 

Effect  of  a  case  on  the  specific  iiirpulse. 


Chargb  oharaoteristics 

*  y  kg,  sec/cm^ 

Explosive 

tm 

d.  - 

mn 

Density, 

S/OB^ 

^^oel 

case 

thickness 

Omm, 

Steel 

case, 

thickness 

5mi'<v 

AluTivLnivua 

case,' 

thickness 

1  nm. 

No  case 

ftwtyl 

80 

28.5 

1.S0 

a  525 

0.388 

Troiyl 

50 

2S.5 

1.50 

.  0,655 

0,430 

m 

M 

Trotyl 

60 

23.5 

1.30 

a  678 

0,475 

- 

0,217 

Phlegmal'.- 

tized  hexo- 

tten  ■ 

60 

23.  5 

1.30 

0,630 

- 

0.760 

0.570 

y59,  Motods  of  DetoCTftinina  Experimentally  the 
Brisanco  of  E:i^lo3ivcs, 

Hic  most  sinple  methods  for  determining  the  oliaractcristics  of  brlsanoo 
are  'tests  based  on  the  cornprossion  of  lead  cylinders  and  copper  crushers. 

The  test  proposed  by  HESS  in  1S76,''  based  on  tlie  conpression  of  lead  cy¬ 
linders,'  is  constructed  in  tlac;  foUovdng  manner  (Fig.  150),  A  cylinder  .a',' 
of  refined  lead;  witli  a  heigl-it  of '//.•=  SOam  and  a  diameter  4;.=.  4Qr®i;  is  placed  on  a 


massive  steel  slab  ^  ,  Above  the  cylinder  is  placed  a  stoel  plate  6  vdth  a 
dj-smeter  of  and  tliicdoioss  IChm,  on  which  is  placed  .tlie  explosive  charge 

(e)  with:  a  v/oight  of  SOg.  and  a  dianotcr  of  4-Cmni  into  v/hnch  fits  &  h'o.S  oapsulo 
detonator  (d).  As,  a  result  of  explosion  of  the  charge,  the  lead  cylinder  is 
Qomprasaed  and  acquires  a  characteristic  mushroom,  shape  (l>’ig.l5l). 

Figure  150.  lest  based  on  the  Figure  151.  Ccarpreoaed  lead  corlinder. 

concession  of  lead  cylinders. 


The  reduotion  in  heigh'i'  of  the  cylinder  serves  as.  a  moasure  of  the  brisanoe 

AH=Ho-H, 

•whore  //,  is  the  height  of  the  cylinder  after  the  explosion. 

By  exjilodinjt  trotyl  charges  with,  a  density  of  po>  1.5  g/cm®,  and  other 
oharges.  with,  similar  brisenoo  properties,,  the  lead  cylinder  la  destroyed..  In  order 
to-  avoid,  this,  a  steel  plate  with  a  thiokness  of  BOmm.  is  used,  or'  ohargos 
weighing  only  25g,  are  exploded. 

Tho:  results.  preae.ited  in  Table  97  were  obtained  ia  instrument  of 
standard  eonstruotion  for  oertaia.  e:q)losiveB  ivith  a  density  of  1.2  g/tx?  and 
using  a  TAT>8  capsule  detonator. 

For-  aumondtos  end  similar  exjdosiva.  miocturea,  the  ojoapresaion  depends  to 
a  considerable  extent-  on  tho  degree  of  grijiding  and  quality  of  mixing  of  the 
oanponents.  This  is  explained  by  the  effect  of  those  factors  on.  'the  detonation 


velooity  and  oru  the  linu-ting  diamater  of  these-  explosive  systems. 

■\/ith  incr-eass  is.  charge  doi»sity(for  the  same  .'/oigiat),  the  compression  o£ 
lead  coliimns  increases  linearly.  lims,  glg-rre  153.  Relationship  hetvi'ocs. 
for  plTlogmatizcd.  hexogen,  hy  increasing  Gc;.;pressios  of  loaa  cyi-L'-dex’s 


its  density  ffom  1.2  to  1.5  s/aai  the 
ocmpression  vnaa  increased  from  17.2 
to  21.2nBa  (steel  gasket  vd.th  a  thidknesa 
of  SCtam) .  The  relationship  between  oom- 
pression  and  oliarge  density  is  sho\ni  iii 
I'ig'.152  for  trotyl. 

A  test'  based  on  the  com¬ 
pression  of  copper  crushers  rraa.  proposed 
by  KAST  in  1893.  An.  Instrument  fca*  dotcr- 


and  claargo  donsity(trotyl). 


odnliig  brlsanoe  by  this  test(brisanco  metor)  is  shov.n  in  r’ig.lod* 


A  hollow  steal  cylinder 
is  fixed  on  a  steel  base  o  . 
Figure  155.  Brisance  meter. 


"  ,  v/ith  a  ground^iir  piston  c  ,  of  weight  680s. 

On.  the  piston  there  is  a  steel  cover  plate  d  with 

a  thickness  of  2Ch]m  and  a  weight  of  520g, 

covered  for  protection  from  tlio  direct  action 

of  the  o:^losion  products,  by  tvro  lead,  wasliors 

-with  a  thickness  of  4mm.  Belov/  the  piston  is  a 

copper  crusher  usually  \'jith  dimoixsions  of 

7  X  10.5nm,  The  tost  explosive  charge,  with  a 

diameter  of  21iTim  and  fitted  v/ith  a  capsule- 

detonator,  is  placed  on  the  lead  washers.  M  a 

result  of  explosion  of  the  charge,  the  piston 

receives  a  dynamlo  shock  and  compresses  the 

orusherj  the  compression  serves  as  a  oharactor- 
iatia  of  the  brisance. 


The  v/eight  of  tho  teat  charge  vnis  previously  chosen  oq.ual  to  lOg.  Hovrover, 
suhaequent  investigations  liave  established  tliaL  ti'^  results,  up  to  a  Icnov/n  liiuit, 
depend  on  the  height  of  uhe  cliargc.  Tho  limitiiig  height  of  the  ch^orge  for  a  dia- 
jnetor  of  21nm  jvrouiita  to  about  70.;v.;  oxpcri...v,nt ; 

•with  this  height  of  the  charge.  Tabli,  .1  l.ov/s  uio  results  of  oixperiaionts  I'cr 
certain,  explosives. 


Table  £>8 

Ciomprossian  of  Copper  orusliers. 


t 

Name  of  explosive 

Compression  of 
crusher,  mm. 

Puilrainating  Jelly 

4.8 

(Blasting  gelatine) 

Nitroglycerine 

4.6 

Tetryl 

4.2 

],t  elinite 

4.1 

Trotyl 

5.6 

Binltrobenzone 

2.1 

I^aroxylin^  f 

3.0 

Ammotol  50/50 

2.5 

AmmotoL  70/30 

1.6 

62^  Eynamite 

3.9 

Comparing  the  tests  carried  out  on  ocraprossion  of  lead  cylinders  and 
copper  oruahera,  MEiTER  arrived  at  tho  oonclusion  that  they  give  generally  con^ 
sistent.  results,  and  tho  average  accuracy  of  both  methods  is  approximately  tho 
same  (about  5  -  ife 

One  disadvantage  of  the  tost  by  oompresaion  of  copper  crushers  is  its 
small  "resolution  capability",  since  the  compression  of  tho  copper  crusher  is 
relatively  little  ohangod  by  variation  of  oharge  density  and  height,  iloreover, 


the  results  oi'  this  tost,  iix  its  standard  form,  are  not  representative  in. 
manjr  cases.  Thus,  for  example,  for  a  number  of  explosives  the  limiting  diamater 
of  which  is  considerably  greater  than  21mra  (amrionites,  mixtures  of.  trotyl  with 
dinitronaphthalene  etc),  brisance  indices,  are  obtained  v/hich  are  clearly  too  low. 

and  ZFJia,  on.  the  basis  of  the  results  of  their  investigations);  came 
to  the  conclusion  that  the  method  of  estimating  the  brisance  of  explosives, by 
direct  oon^arison.  of  the  magnitude  of  compression  of  copper  crushers,  is  not 
sufi^iclontly  accurate,  3i:ioc  in  the  process  of  compression,  .the  oross-scctiomal 
area  of  tlie  crusher  is  inoresaed  and  its  resistance  to  deformation  increases. 

In.  order  to  establish  the  relationship  between  the  resistance  of  the 
emusher  and  the  magnitude  of  the  compression  they  ooepressed  sixniltaneously  by 
eacploaion  seme  crushers,  their  a  number,  n  cf  the  crushers  is  selected  such  tiiat 
the  oompression  of  each  of  them  was  equal  to  l-ini.  In  this  case  the  offoot  of 
oross>-seotlon  of  the  cirusher  can  be  neglected  and  the  n  »  crushers  oompraasod  by 
1mm  may  be  tahen  as  a  measure  of  the  brisance. 

The  data  obtained  by  HTOK  for  certain  explosives  is  presented  in  Table  99. 


Table  99 

Brisaiice  of  various  explosives (according  to  HIDE) 


"•  — 

Name  of  explosive 

■ 

Derssity, 

g/cm^ 

Charge 
weight , 

S* 

Ciiargo 
height , 
cm. 

n 

Dinitrobenze.ne 

1.50 

41 

a. 

6.2. 

Trotyl 

1.59 

43 

8 

10.1 

Fiorio  acid 

1.68 

46  , 

8 

12.2 

Tetryl 

1.66 

45 

8 

14.0 

1.69 

46 

8 

17.0 

Notes;  She  charges  were  placed  in  a  oas®  of  galvanised  tin  with  a 

thiolcioss  of  O.Smm.  The  detonator  was  a  Ko.S  capsule-detonator 
al^d  iCg.  of  coHtpresaod  plordo  acid. 


S7? 


BSLYAXEV  also  occupied  hiinsolx  with  the  study  of  the  dependence  oi'  the 
resistance  of  the  crusher  on  its  coKproscicn.  In  order  to  obtain  an  experimental 
relationship  he  suhjactod  tire  sajne  cruolier  to  repeated  compression  hy  explosions 
of  standard  charges  prepared  from  the  saine  explosive. 

Ihe  question  of  the  ralaticnsl'dp  'bet'/rocn  ooiiqjresslon  of  the  crusher  end 
the  iiapulao  from  the  explosion  was  first  investigated  by  p.p.  POIuilL  ai'.d 
M.A,  SADOVSXII.  By  establishing  the  operating  oonditiona  of  a  lead  ortishor  under 
tlie  action  of  an  explosion,  the  enthora  referx-ed  to  proceeded  fi-om  the  assumption 
that  the  resistance  of  tlia  crusher  is  proportional  to  its  cross-sectional  area 
after  deformation.  By  equating-  -tlie  volumes  of  the  crusher  before  and  after 
deformation  v/e  have 

R  —  Ra  —  (59»l) 

vdwre  Ha  ■  is  the  original  height  of  the  crusher,-  A//  its  oompreasion,  is  the 
Initial  reaistanoe  of  the  orusher,  proportional  to  its  area  of  crissi-oootion, 
and  ■  « I  is  the  volume  of  the  orusher. 

’  Q!ho  equation  for  the  ^york•  done  in  conprossion  of  the.  orusher  has  the 
following  form 

R^~^^'^Ha  —  uR~'2M'  (59.2) 

whore  I  is  the  impulse  of  the  explosion,  acting  on  the  base  of  the  orusher, 

.^  is  the  mosa  set  into  motion  after  a  time  of  explosion  i',  Che  mass  M  corresponds 
to  that  layer  of  metal  which,  after  a  time  t-  will  bo  -traversed  by  tho  defor¬ 
mation  v/ave.  In  order  to  establish  the  quantity  y^jPOrG-HL  aiad  SADO'V^ai  carried 
out  'the  I’cllowing  experiment.  Iho  steol  plate  and  the  explosive  oliargo  stavo 
placed  coaxially  at  different  distances  ^  from  the  lead  orusher  (Pig.154-).  ' 


By  detonating  charges  of  explo¬ 
sive,  a  Icinotic  energy  v;ao  iraperted 
to  the  plate,  depandjng,  on  the  iruigni- 
tuc^c  of  the  iir.puloc  end  the  rr.a.es  of 
the  plate.  Ooniaresaion  of  the  crusher 
occurred  by  the  action  of  impact  of 
the  plate.  Sir.iilor  experiiMnts  v/ere 
carriea  out  by  VESBlVuIlEI,  the  results 
of  vAdoh  ore  presented  in  Coble  iOO. 

It  can,  be  seen  fran  the  table 
that  oorapression.  of  the  crusher  is 
independent  of  whether  or  not  the 
plate  is  in  contact  vri.th  the  orushcr. 
This  iiadioates  that  after  the  time  of 
aotion  of  the  e:^loslon,  only  the  transmitting  plate  is  set  into  motion.  Hence  it. 
follows  that  in  equation  (59,2)  M  should  bo  equated,  to  tlw  mass  of  the  plate. 
Equation  (59.2)  establishes  the  relationship  between  compression  of  the  crusher  ■ 
and  the  impulse. 


Table  100 

Compression  of  crushers  by  impact. 


Charge 

_ _ _ 

Elate 

Con^r'csslon  (mm)  of  load  crusher, 
G.s  a  ituieti-on  of  '  . 

Explosive 

"S) 

- n 

•Pfn 
•H  Q 

M  o 

..p.  .. 

ii 

0  w 
•d  ^ 
-d  <0 

fr'  F 

- 

0> 

1  § 

s. 

B 

i 

'1 

H 

i 

8 

.  i 

immotol  80/20 

50 

1.2 

10 

41 

ie*i 

16,0 

- 

Trotyl 

..0 

l.S 

10 

41 

22.5 

25.0 

- 

23.0 

Trotyl 

50 

1.5 

16 

41 

20.0 

BB 

20.0 

20.0 

- 

By  carrying  out  paraLlol  measurements  of  impulses  and  compression  of 


Figure  154.  Compression  of  a  lead 
crusher  by  impact  of  a  plate. 


^^0 


C5ru3hcrs,  POKI-ECL  and  SADOVSIOI  calculatod,  on  tho  "basio  oi*  equation  (59.2.);^  the 

resistance  ol*  -the  crusher  ^or  a  variety  of  cases.  It-  wan  eatahlishod.  as  a  result 

2 

of  this  that  R  Varies  mthin.  extremely  vri.do  limits  (from  100  to  2000  Iqv^cm  ).  , 
rapidly  increasing  v/ith.  iuorsaaa  of  the  initial  velocity  of  the  plate.  This  is 

mainlj’’  explained  hy  the  considerable  increase  r'r.  '  . .  a.,  '..'ie 

lead  which  spills  to  the  sides  as  a  rern-lt  of  rapid  defoimations. 

The  initial  velocity  of  the  plate  e  u  bo  determined  easily,  Ac-ording  to 
data  by  VERBOVSKII  j  by  exploding;  a  charge  of  ■  J.th  a  v, 'eight  of  SOg  at  a 

density  of  1.80  the  ^eoifio  impulse  ‘  s  0,285  lqj,seo/cm". 

The  velooity  acquired  by  tho  plate  vri.th  a  diameter  of  4Ctem  aiad  a  height  of 
iCtam  (vMight  of  plate  97,3g)  will  be,  ia  tha  given  case 


^  ^  ^  -  ^  362  a/seo, 

At  97.3 .10"“  ’ 

tyhero  .s  ia  the  area  of  tlie  plate  ia  oontaot  v/ith  the  csrploaive  charge  azxi 
M.  ia  the  mass  of  tho  plate. 

The  initial  velocity  of  the  plate  also  oharaoteriao a  to  acme  extent  the 
initial  velooity  of  deforration  of  the  lead. 

Direct  application  of  equation  (59,2)  for  calculating  impulaos  by  data 
obtained  from  compression  of  lead  crushers  (or  solution  of  tho  reverse  problem) 
presents  difficulty,  since  tho  resistance  of  the  crusher  varies  sharply  with 
change  of  initial  velocity  of  the  plate  and  it  docs  not  afford  en  accurate 
dotemination.  Moreover,  the  mass  M  in  this  equation  is  equated  to  the  mass  of 
the  plate,  v/hioh  is  true-  only  up  to  a  definite  limit.  If  tho  deformation  v/ave 
after  the  time  of  action  of  tl'.o  explosion  pressure  on  tho  plate  hAR  time  to 
traverse  a  path  greater  tlian  tho  height  of  the  plate,  then,  tlie  mass'  M  ia 
ixuieterminate,  la  this  case  there  will  be  no  confoimanoe  between' oempression  of 
the  crusher,  caused  by  tho  plate  being  projected  by  the  explosion  products,  and 
compression  imdar  conditions;  of  direct  oortact  of  the  plate  with  the  load  crualTsr, 


This  phenomeiion  gov.  be  observed,  in  expcrinonts  v.dih  of  ^owcrffl  cxpj.o- 

aives  "/Ith  increased,  density  and  particularly  in  the  presence  of  a  thsLi^  trans¬ 
mission  plate. 

POHCL  and  SADOVSKII  liave  shovai  that  equation  (50. S)  ^tvoz  cdoruatoly 
satisfactory  aflroement  vdth  results  of  csmerlacnts  by  usin."  data  obtodnod  frcci 
tests  with,  caonpression  of  copper  crushers,  Xn  order  to  accomplish  tliis  test^  the 
initial  velocity  of  the  IMving  iiarta  of  tho  brioance  meter  arc  coicsiderably 
less  than  the  velocity  of  the  plate  used  in,  testa  carried  oat  on  ccfiiprossion  of 
load  cylinders,  which  is  dependent  on.  the  considerably  greater  weight  of  tho 
mobile-  parts  (1.25  hg)  and  tlio  lower  magnitude  of  the  total  in^wlse  acting  oa 
tho  piston,  of  tJie  briaanco  meter. 

Moreover,  for  copper  crashers  no>  toughoi-iing  is  observed.  Jiooording  to  data 
by  tho  abovoHnontionad  authors,  the  numerical  value  of  tho  rosiotanco,  Ro  can 
bo  assumed  with  sufficient  acouracy  to  be  equal  to  the  critical  point  of  copper 
(5500  Icg/cm^),  and  the  mass  Alia  the  moss  of  the  mo’ving  parts  of  tlie  brisanoe 
meter.  Having  used  equation  (59,2),'  the  possibility  is  thus  presented  of 
detezminlng  the  value  of  the  impulse  acting  on  the  crusher  according  to  data 
oonoeming  its  compression.  For  calculatio;is,  it  should  be  based  on  thic '  eaperir* 
mental  results  of  brissnee  established  by  H1D2  and  saLIlii  or  IliliYAXHV's  methods. 

It.  was  established  above  that  ■with  stoiidaniised  equipment  conditions 
(constant  plate  dimensions)  conpression  of  load  cylinders  varies  linearly  with 
charge  density  i 

iff  , 

(59.5) 

On.  tho  other  hand,  tho  relationship  botvreon  the  specific  impulse  and  tho 
charge  density  (for  constant  mass  of  charge)  is,  detormined  by  the  relationship 

(59.4) 

■whore  a<l,  and  for  trotyl' «=  0,70. 


It  follov/a  from  eq.uations  (59.3)  and  (5S,4)  that 

1,0,  that  vdth  inoroaso  in  dansity  of  tho  ohargp,.  the  compreasion  of  lead 
cylinders  should  increase  sonev/hat  more  strongly  than  tho  spoeifie  impulse  , 
Tfhich  is  verified  by  esrperimentel  data.  ]?lg.l35  depicts  the  relationship 
between  specif ac  diipulso  and  cenprossion  fe»  euyl  charges  with,  a  vraigA'-t  of 
50g,  It  can  bo  seen  froa  the  graph,  that  tho  ccsiiprc 'ncreasca  rri-t/.  impulse 
more  steeply  than  according  to  a  linear  lav^. 

Fipoire  155.  Relationship  between  oo..j,.rc3£don  of  lead  cylinders  and 

a-Docifio  dm-DUlso.  for  trotyl. 


In.  addition  to  the  methods  described,  the  brisanoe  of  oxploaives  is  often 
assessed  according  to  the  re'sults  of  practical  testa  of  iroinitlons' ecipippod 'vdth 
explosives (missiles,  mines),  v/horeby  the  iiitonsity  and  nature  of  fragmentation 
of  the  casing  of  tho  ammunition  serves  os  criterion  of  brisanco. 

For  these  tests,’ tho  munitions  are  usually  exploded  in  an  armoured  pit, 


and  the  oaain^  fi-a^uents  aa-o  collected  cuid  aci'ted  out  into  defina.to  'r”''ups 
according  to  weight,  /u'.  acsesanient  is  carried  out  in.  each  group  oi'  l,..,.  nuiriber 
of  fragments  and  by  dividing  by  the  total  vraight  of  ail  fra^erits  oollectod  in 

kiiogrammos,  a  n'.mbor  of  figures  arc  obtained, .  >  Cj,  ,  flsi  . The  value 

of  tlioso  numbers  and  their  auim 


■4=a,+«s  +  a5-i-  ... 

give  t]io  7/holB  ^picture  ooncsniing  tlio  iiat'ure  and  intensity  of  fragmentation  of 


the  casing.  The  greater  the  number  A,  the  greater  tlie  brisancs.of  the  explosive. 
Jor  this,  hov/ever,  it  is  necessary  to  assume  that  fragmentation  of  the  casing 

depends  not  only  on  the  explosive  charge,  but  to  an  even  greater  extent  on  tlie 

( 

v/eiglit  of  the  casiiig,a;U  its  s^'-cQe  end  nocha'iicol  equalities.  'Seoauso  of  tho 


inevitable  variations  in  those  data, 


method  diso-ribod  for  detoriaiiting  bri^ 


soiioe  is  extremely  approxijao.to. 

Jioroover,  tho  motliod  desori’ecd  for  estimating  brisaiico  cannot  "be  admitted 
tO' bo  accurate,  siiwa  the  brisaiwe  effect  of  an  explosive  onargo  is  doterciiied 
not  only  by  the  intensity  of  fragmentation  of  tho  casiiig,  but  also  by  the  Jdnatio 
energy  aoq,uirod  by  tho  fragments  os  a  result  of  tise  explosion.  As  a  consequence 
of  this,  additional  tests  of  munitions  are  semetimes  carried,  out  by  exploding 
tliem  in  a.  circle  of,  targe t.s(seotors). 

Tills  method  consists  in  the  following;  around  tho  device  to  be  exploded 
arc  disposed  a  number  of  wooden  panels  to  definite  specifications,  in  ooncontrio 
circles  with  rade.i  equal  to  lO,  20,  30,  40,  50  a:id  60  metres.  After  the  devices 
have  been,  exploded,  the  number  of  fragments  are  determined  have  ponetrnted 

tho  panels  and  the  number  of  fragments  embedded  in  them. 


The  brisance  of  the  explosive  is  assumed  to  be  greater,  the  greater  the 
radius  of  strike  of  the  fragments,  V/o  note  that  the  results  of  -he  test  in.  a 
circle  of  targets  charaoterigcs  to  a  greater  extent  the  fragmentation  effect  of 


jrJ-Y 


the  araijiinitioii  altogether. 


tjiar.  tha  orisojoca  effect  of  its  e:s5lcsiv&  choree,' 
since  in  a  number  of  ca..  (for  oxaio.lc  for  imsufficionti/  tiic}:  oiid  insuf  - 
ficiently  ctronc  oacJs-i^,,  •'"he  raoius  of  strile  foi’  a  rare  brisont  en^iosive 
as  a  oonaecjuonce  of  tlic  irjorc  ccvc-rc  fi'a^jrientatior.  of  •'i'j.c  casing,  rny  appear  to 
be  less  than  for  a  less  'brisaiit  eapolosivc. 

A  rare  imbiaoed  ij.utoitita.tive  estiratioji  of  t;ic  possible  frapme  itation 
effects  of  charges  cais  be  casTied  out  on  tiio  basis  of  data  concerning  tiie 
impulse,  acting  as  a  result  of  sji  e  jrplosion  on  tire  lateral  surface  of  the  case;  . 
since  the  predominant  mass  of  i’re.gments  is  foitiied  as  a  result  of  shattei’ing  of 
5ust  tlio  cylindrical  irortion  of  the  body  of  tire  aii'.nnition,  Ere  iTiitial  velocity 
of  the  fragments  ,  for  apprcrimately  tire  sar.'.o  conditions,  is  entir‘el2'’  deter¬ 
mined  by  the  specific  lateral  irspulse. 


I 


SO,  Calculation  of  tire  lispulses  aotij'^j  on  the  Lateral  Sui'facc 
of  tiro  Charge  Case, 


The  question  of  distribution  of  i;'.;p\:l^es  rdong  tire  lateral  surface  of 
a  charge  was  investigated  by  jai'iLlI  aird  SEiXTsTCOVICIi. 

In  order  to  elucidate  tire  netlrod  of  calculation  we  shall  consider  -ir.vo 
problems. 

Problem  I  .  Suppose  that  a  detonation  be  initiated  in  tire  section  a:  =  0 
of  a  cylindrical  charge,'  ^rlaccd  in  an  irifinitely  stroirg  tube,  o2)cn  at  botir  ends, 
Ere  length  of  tire  charge  is  /  ,  Ere  cross-sectional  area  of  tiro  charge  is 
s=  I.,.  .  As  a  result  of  this,'  a  rarefaction  wave  originates  sir.nltaireousl^'’ 

^vitlr  tire  detonation  wave  in  the  section  r  =  0  '  Soth  tlnese  waves,  as  is  well- 
lorovai,  arc  described  by  the  equations  : 


,  jc  D 

tt-f-c  =  7->  u  —  c~ — w, 


(dC,  l) 


whence 


ii  —  JL _ r  ■ —  ^  _L.  ^ 

,  2/-  -f  ’  2/  4  • 


(60,  2) 


We  shall  call  "thia  I’ai'ef action  wave  the  flret  rarefaction  v;aVo,' 


Hhe  pressure  in  tiiis  wave  ciui  "be  detonrined  fron  ti'.e  relationship 


ii  _  /  i_\“ 
Pi 


(60. -5} 


vAxerc 


- T"-*  ■  (60,4) 

Substituting  in  equation  (60.  S)  the  value  of  ,  Ci  from  (60.4)  orA  tlie  value  of 
c  from  (60. 2) /-we  obtain 


.■’i _ a  I  X  ,  i  '‘j 

pj  'Z}\L,1  ■  2  /  ■ 


o) 


At  tils  inatant  u.otoni'.ioh  produsts  corr.ionssa  in  the  st  stLoii 

■*  '='  ;  a  gojond  rarefaction  wave  originates.  Eie  isotion  of  tliio  v/ave  is  deter¬ 

mined  hy  the  general  solution  of  tlio  gaa  doiiamio  equations  : 


A'  =  (u  i-  r)  H-  (li  -f-  r).  ] 
jc=>{u—c)t  +  Fi{u  —  c).j 


(60,6) 


The  arbitrary  fuloctions  'and  fj,  oon  be  determined  from  the  condition 
that  for  A  =  /•  ,  D/'=r,  As  a  result  of  this/ 

/  =  («  — — C), 


end  henoe 


C  .  r,  C  — (u—c)l 

O==0  and  r^  = - -Q — 


For  the  second  v/ave,'  consequently^'  v/e  have 

=  — c  =  D 


CSG.O') 


X  ,D  x-l  x~i  \ 

“ ~ "2 T 23r^/ '  2  (73^  Di  —  tj’ 


(60. -8) 


^44 


The  pi’Qcaire  in  it  is  cT.ctcKrdiiGd  by  the  l-elationehip 

__  iS  r  ^  __  ■>■■  —  :  ■■  \ 

Pi  \‘iJ  2l'Jot  •  (30.9) 

EnLs  rave  in  propasated  throu-ii  -the  of  variable  density  and  ita  front 
Diovos  acoordinc  to  tlie  lav.'  : 

jt-i/  ■D‘‘ 

^  T'  ■  (60.10) 

v.tich  is  dctcrrda-.cd  froiu  tlie  condition  of  sisiiltaneoua  solution  of  egaationa 
(60.1)  and  (60.7).  Hence,'  it  is  obvi.ous  tliat  lx>tli  .rarefaction  T'aves  laeet  in 
tbe  cection  x  at  tlie  instant  of  tijiie 


t,: 


3l~2t 


(60.11), 


ihe  si^ecifio  in^pulsa  in  tlic  arbitrary  seotion  0<^</  lateral 

surface  of  the  charge  will  be 


»«  00 
*  ~/ P\dt  +  J  Pidt,' 

*'  '■  (60,12) 
v/liere  •  /|  =^,  ,  p,  p^  o^g  detenjdncd  fix>n  egaations  (60,5)  and  (60. 9). 
On  intagratinc,  w  obtain 

I  n.  fit - '0  f  A  /  t  -A 


ahitzl>. 

,  «()-«)  (36~2Un 

a 

^  (3  — 2<.)S  J> 

[1  —  o)j^]n 

3  —  2j  1  ■) 

3  —  2«j~~ 

,  3  — 2« 

.  .  1  1  ,  1-^) 

vu-«)  ■ 

2(i-.)J  1-  4  f' 

v/lacre  a  =  4  and  i  32  P/f  «  , 

*0  “  97  — n~  “  7v7  specific  ia^!ulse  on  the  end 


“  27  "ZT  “  27 

surface  of  the  charge.  Hence,' 


z  =  ^“[1  +  6a  (1  -  «) -(-I  a  In  + 


+  6a(l_«)(2«_l)]n.27T^]- 


(30. 


“1  ^ 

xo; 


Oiu^ylni:  out  the  oulooUtlou  for  afforeut  oeotiouo  of  tho  lutoral  ourfooe  of 
the  oharsfi,  we  obtain  : 


7 


i  =  -'!!-  =  0,125/;o, 

u 


- ,)  I' -Oi'iCfl-y, 

a  =  ~  /  =  0.444, 
«=:1.0  J  =  0.1254. 


Oil  Mialyciri"  tlicse  results  v/o  can  arrive  at  'ilio  conclusion  'ihat  tiic  i-ioods^iuni 
in^julse  is  attained  in  tii-o  oeotioii  a:  =  0.7/,  ^  i,  0.  at  the  ;^>lacc  v/here  approid- 

mately  tlic  two  rai’cfaction  weaves  i.;eet. 


Prehlem  II.  Suppose  that  dctoriaticn  is  initiated  in  tlie  iniddle  section 
of  a  cylindrioal  chari;e  placed  in  an  infiviitely  strong  tuoo  v/it!i  open  endc.‘ 

Let  us  consider  tlio  irapulses  \^Aioh  will  act  on  uiiit  lateral  surface  of  the  tuToe, 


at  different  di.atanoac  fron  tlic  detonation  poiiat,  jdns  problen  is  ocjuivalent 
to  the  case  v.'hen  there  is  a  wall  in  the  loidcle  section,  so  that  at  the  w'all 
A(  =  0. 


Hio  detonation  v/ave  wdtiiin  the  interval  of  tir.io 

ohaxao- 

terised  by  the  oquationo 

S-f-C  =  y,  U  —  C—  —  J, 

(60.14) 

wiionoo  X  D  X  D  ' 

“  ~  '  -i  ‘ 

(go.  15) 

We  shall  call  this  v/avc  tlic  fir.st  wravc.  Per  tiiio  v/ave 

77“57i.:5?+irj  • 

(60.16) 

’.Tithin  the  time  inter’/al  o<.v<°/  (oco  pcn'a.<l-2) 


f“T  (50.17) 

iVo  shall  call  tills  v^avc  tho  aocond  ivave.  For  this  v/avo,  as  is  v.'ell-Jaiown, 


(80.18) 


At  tha  Inatent  of  tiiaa  ^  (i— ,  is  tha  ddstanoa  tv<xi  the  wall  to  the 
end  of  tha  oharga)  flow  of  the  datanatlon  products  ponpianoes  in  the  seotion 
x  .  Xha  rsrefaotion  wave  originating  aa  a  result  of  this^  as  shown  ahova, 
is  described,  bjr  tha  aquations 


irtianoe 


D  x~t  '  _  D  r  X  x-t  1  1 
For  thi 

i 


r  TS 


2  D/ 

7e  shall  call  this  wave  tha  thlrdl  wave*  For  this  wave 

(S 

4. 


She  wave  will  move  aocBn-dlog  to  tha  law 


/ 


Dt 

T* 


(60*19) 

(60.20) 
(60.21) 
(60; 22) 


She  weak  disoontinuity  in  the  detcnation  wave  'will  he  moving  aooording  to  the' 
law  ^  .  . 

‘  .  (60.25) 

At.  the  instant  of  time  ,  and  in.  the  seotion  'x=-^l  •>  ,  the 

rarefaction  wave  will  meet  the  weak  disoontinuitF  dividing  the  detonation  wave 
into  two  diffezwnt  regiaea*  Shis  is  established.  Arcoi  similtaneous'  oonsideratioa 
of  equatiozM  (60.22}  and  (60*25}«  A  new  fourth  wave  originates  >  which  is  a 
Riemanni  wave  '  (p>  w  const).  Shis  wave  is  desoribed  b^  the  eq^tions  t 


i'H' 


«-)-c=const  u  —  -  (60.24) 

At  the  oo^iijugate  point  of  this  wave  with  'the  week  disoontinuity  we  have  t 


«0,  .ceH-y  j  cor  ■! 0 4- -y  «s» i  oonst. 


whanoe 


and  oonsequently, 


U'. 

•  OUilLilt  .  ••  M  '  '1 


V  '""'  D  t  \  [  I  T  '  ’)  Du  "'  X~l  1  "'i 

““  T LT'^  Dt  —  ll ' '  ■  2  L'  Dt  —  l\ ( 


(60.25) 

(60.26) 


(60,27) 


Xhe  right  h^nd  front  vdll  move  aooordlng .  to  the  lav 

Dt 

X  =  -^‘ 

and  the  laf^hand  front  vill  move  aooordlng  to  the  lav 

;  ■  z.  Dt 

X=jl - J-. 


(60.28) 


For  this  wave  wa  have 


p,  art  •  x-l^* 

^  =  5?LT-T5F=7j  • 


(60,29) 


m  the  aeotloni  r  c=s  0  <  i  at  tha  instant  ef  tine  ,  reflection  of  ths 

xaref action  wave  from  tha  wall  tsleas  plaoe).’  vhiah  .iA  dasoxibedhy  tha  eqjiations 


^x-^(u  +  c)t  +  Ft{u  +  e),-  x=:‘(u-c)t+Ft(u-e), 
the  fUiLotlcn  F,  is  datexrninad  hy  tha  ejqprasaloa 

'  Dt—lu—C)l 

“  •  .  ri=» - 75 - » 

as  a  oonsa<].uezKM  of  vhloh  wa  oan  vrlta  that 


(60.50) 


whence 


u  — CsZ) 


Tjrrr* 


(60.91) 


(60,92) 


In  a  similar  maoaeae,  hy  auhstltuting  ,xj  hy^r’and  !  iuj  hyl^h,  m  obtain  for  the 
left-hand  end(of  the  charge) 

For  the  wave  refleoted  from  the  valX,  equations  (6(X92)  and  (60,39)  give 


— ^  Dt-i'  ■ 


(60,94) 


We  ahall  call  this  wave  the  fifth  wave  »  It  novea  according  to  the  law 

•*='T~7^'  ;  .(60,35) 

which  is  established  from  a  oco^^arison  of  equations  (6Q«9S)  and  (60,25)  ■  For 


this  wave  we  have 


■■  4“5fiz5rr7).* 


(60.56) 


Si^osalon  (30.39)  gives  t 

»=1  /=.0,264. 

On.  antC^wiag:  the  results  obtalusd,  we  see^that  the  is^lae  heglns  to 
fall  la  the  direction  frcu.  the  wall  to  the  end  a£  the  charge «  and  that  initially 
the  fall  is  alow  and  then  heoctaes  aare  rapidi' 

For  a  given  mass  of  ea^losivej,  the  presence  of  the  wall  may  increase  the 
:hnpulae  hy  a  factor  of  two  (aiiioe  the  wall  is  equivalent  to  twice  the  mass  of 
e:!qploalve  )  . 


Pigura  .  156  showa.  tHe  distribution,  of  spocifio  iiapuisea  along  the  surface 
of  a  charge,  obtained,  for  various  methods  of  initiation.  Curve  1  depicts 
<==<(a) ,  for  the  case  of  detonation  froni  the  wall.'  Curve  2  oorrosponds  '-,o  the 
case  considered  in  Probletm  I  •  Hsre>  the  feigulse  is  converted  for  convenience  of 
ocr^parison  for  the  doubled  mass  (  the  true  value  of  i  i  :  ia  less  by  a  factor  of 
two).  Curve  d  is.  related  to  the  case  of  detonaticn.  proceeding  froa  the  open  end 
of  the  ohsrge  to  the  wall.  Iha  total,  impiulse  (/) ,  ,  acting  on  the  entire  lateral 


surface  of  the  charge  Is 


/  ==  2ity?j  J  idx^  2it/?o/  j*  I  dot, 


(60.42) 


idiere  .is  the  radius  of  the  charge.  If  wa  u&sistia  that  2ii/?o  1  >  then  the 


nire  156.  Distribution  of  dspilaes 
along  the  lateral  surf ao«  of  a 
cUmtso, 


C.\  0.2  Oi  OA  OS  06  0.7  os  OS  TjJet 


oorroi^onding  calculations  give,: 
for  the  oase  of  detonation  proceeding 
fim  the  wall,  /  ■=»  0.76(V-  ,  for 
instantaneous  detonation  in  the 
presence  of  a  wall  ’  /  =  0,77)Vi  for 

detonation  of  the  ohsrge  in  an  open 
tube  •/=0.66/o<  ^  fo^.  detonation 

proceeding  towards,  the  wall, 

/  =  0.64U 


!l!he  latter  case  ia  eq,ulvalent  to  dcuble-iided  initiation  of  the  charge, 
since  the .  collision  of  the  two  contrary  waves  -is  equivalent  to  a  reflection  of 
the  travelling  detonation  wave  from  the  wall.  This  method  of  initiation  is  tJius 
the  least  advantageous  of  all  those  considered. 

^  61  ,  Determination  of  the  Velocity  of  the  Pragments 

scattered  from  the  Lateral  Surface  of  a  Cliarga. 

Under  cenditions  of  normal  ohsrge  detonation,  part,  of  the  total  energy 


S' 3'^ 


is  found  in  the  form  of  kanotic  energy  of  the  dotooation  products.  After  con- 
pietion  of  the  process,  the  I’^tio  of  the  kiuetia  energy  B»  to  the  total  energy 
‘Eo  is  equal  to  y|=^  =  0.102  .  . 

STAI^nnCOVIOi  showrod.  that  If  the  charge  itu  enclosed  in  a  tube,,  closed  at 
both  ends,  then  even  after  double  refleotton  of  the  detonation  vr^ve  frean,  the 
vaails,.  the  parameters  of  the  detonation  products  differ  by  2^  less  from  the 
parameters  of  the  products  of  an  instantaneous  detonation. 

W'hcn  the  ei^losive  diazge  is  enclosed  luia  case;:  the  moss,  of  v/hich  is 
greater  thai  tlio  mass  of  the  explosive  charge,  then  in  order  to  oalculato  the 
velocity  of  the  frajjnerLta  it  is  necessary  to  use  the  hjipothesis  of  instantaneous 
detonation,  since  reflection  of  the  waves  occurs  several  times  prior  to  the  case 
being  significantly  stretched  and  before  the  fragments^  formed,  as  a  conseepaenoe 
of  this,  commence  to  fly  apart. 

The  expansion  velocity  of  the  case  ‘u  ,in  the  cose  of  complete  dosiure  of 
the  ends,  of  the  charge,  if  energy  losses  are  neglected  (expended  on  deformation 
of  the  casing) ,  can  bo  determined  from  the  energy  equation 


^  m  (Q  -  f.)  =  /«(3  ( 1  -  f ) ,  (61.1) 


\^re  M-  is  the  mass  of  the  case,  m.  is  the  mass  of  the  explosive,  .is  the  . 
kinetic  energy  of  the  explosion  products,  and 'Q.  is  the  heat  of  explosive 
transformation  of  unit  mass  of  explosive.  For  «  (T  ^ 

be  ass^uned  that 


Since  the  velocity  of  the  detonation  wave,  on  the  average, 
it  can  be  aasimied  v/ithi  puffioient  accuracy  that 


(Sl.2) 

is  equal  to  D=fiVQ' 


(G1.3) 


For  example,  for  ^  =  4.5  and  .'D  =  7000  ay's eo,  tt^til.IGS  ra/scc. 

In  the  case  of  a  thidc  casins  1).  >  energy  ozcgorAcid.  on  defor¬ 

mation  of  the  ca-iinc  becomes  considerable,  which  must  be  talcon  into  accovait  ia 
relationship  (61. l)  j;  in  the  contrary  case,  the  diffei'encc  (aot'.rcon  tho  coloulated 
and  moasured  velocities  of  the  fragments  ^will  be  substaihtial. 

V/e  shall,  nov/  consider  how  tho  flifferenoa  in  velocities  of  tho  casiirg  or  erf 
the  fragments  may  be  observed,  if  tho  oasing  is.  oonsideded  as  whole. for  the 
entire  time  and  if  it  be  assumed  that  it  previously  consisted  of  fabricated 
fragment- elements,  lliis  problem  was  solved  by  BAUII  and  SMJYUKOVICH. 

In.  the  first  case,  considering  a  heavy  cosing  (-^  >  l)  and  applying  tlis 
Law  of  Conservation  of  Momentian,  wo  can  write 


..du  .ji  da  da  du  dr  du 

■  dJ^drdi~^'‘Jr'  (61,4-) 

vfhoro  s  is  the"ourrent''area  of  tho  lateral  surface  of  tlie  oylindrioal  oasuig. 

It  is  obvious  that 

*=**0^'  ,  (S1.5) 

v/horo  So  is  tho  initial  area  of  the  lateral  surface  of  tho  ^lindor*  Since 
for  the  initial  stage  of  sx^jansicn.  of  the  dotoiration  products 

pv^  =s  p  {ttrUy  —  const,  (Sl*6) 

tlien  for  const 


(61.7) 


where  p,  is-  tho  initial  pressure  of  tho  explosion  products  for  ijistcmtaneous 
detonation,. 

Substituting  the  values  of  a  and  p  in  equation  (61.4)  'we  obtain  : 


Mu 


da  f ’  .  „ 


(9)‘- 


£>»  ''o 


{fft  =*  U  ^PO  "5"  ^ *!  ■' 


is  tho  mass  of  the  explosive  charge  )  or 

(61,8) 


dr  2  Mr*  * 


Qtl  int'Jtiratilag,  we  arrive  at  the  folloiviiig  ejgpression.  for  tl-.^i  veloci'ty  ox’ 
■Uio  casiiixg  ; 


for 


(61,9) 

(G1.10) 


i,  0.  as  wo  should  expect,  we  have  arrived  at  expression  (51,  s). 

In  the  second  case,'  ,  i  =  So  exid  -therefore  integration  of  equation  (61.  d) 
loads  to  tile  follovriJig  result  ; 


for  r-*cx3  gives  ;  ’  ' 

(61,11) 

(61.12) 

tlia  ratio  of  the  volooitios  is 

m '^0.9. 

a* 

(61,13) 

Hiis  insisnifloant  difference  in  the  velocities  is  explained  hy  tlie  iTaot 
that  tliQ  main  port  of  tiio  velocity  of  the  casing  or  of  the  fabricated  fragment- 
elements  obtain  at  relatively  saiall  values  of  iii’  =  r~r^,  ,  sinoo  tiio 

pressure  falls  inversely  pro^jortionally  to  ^  (py*  ~  p/'®  =«  const) . 

The  relationships  obtained  above  for  tlie  main  part  of  tiio  caaijig  oi  tiio 
prefabricated  ffagraent-oleruents  also  hold  good  for  detonation  of  erq/losives  in 
a  long  cylinder,'  open  at  the  ends,  Por  a  long  oharco,’  tlio  length  of  v.iiioh 
is  several  times  greater  than  its  dinmetnrt  the  elements  of  U..j  co.sinc,  ueing 
somewhat  remote  from  the  ends  of  the  charge,  are  able  to  move  to  a  considerable 
distance  bexoro  the  axial  rarof action  wave  is  able  to  penetrate  into  the 
deptlis  of  the  cliorge. 

Let  us  consider -another  limiting  case;  when  the  length  of'  -tlie  cylinder 


v/i-Lli  open  or.o.c  ia  anvill  in  coii^jariaon  v/ith  i''-''  diamoter  oi’  is  clooe  to  :'dio 
UiiLiiC'uO*'..  .*.0  ooviouo  thn-fc  as  a  result  o-  -.a.a,‘  before  tile  casino  {,or  o'‘j’aj?.'nn 
is  irnveCl  to  a  f;i£;nxficant  distonce,  the  presaui'e  has  already  fallen  sharply; 
in  order  to  calculate  tiie  velocity  tiicref ore,  the  folloi’rinc  ecjiiation  can  bo 


v/nore  /'Xs  the  iitTiulae; 


Mu  =  I, 


,  A-  2/ 

I  —  ^^0  "7" » 

•ti  . 


(61.14) 


(61.15) 


tile  cjuontiiy  A  io  ciiosen  as  a  function  of  the  oroas-seotion  of  jiie  tube  and 
I  is  tile  lendtli  of  tlie  choree. 

At  tile  v/oll  (or  in  tlia  centre  of  tiie  choree),  ^*=1  (or 


^  .57  fuDt 


•■(61.16) 


u _ 1®  /  "*  i 

V—7J^M’r^'  •  (31.17) 

For  exaiiiple/  in  the  case  of  detonation  prooeedlng  from  tiie  v/all  tov 
7^  “  ’  ■  }  *  '.riiici-.,  for  D  b  73C0  r/seo,’  gives  «•=  270  ri/occ. 

In  the  case  of  a  lone  f*or  fL  — .1  ,  “liti  1  v/hioh.  for 

M  8  '  TT  F' 

D  =  7500  T.'/oeo,  gives  =  910  c/ooc, 

Emo,  chane'c  in  length  of  the  tube  leads  to  a  change  in  volooi-ty  of 
afac^>:orof  l7Ay.'J'  . 


It  nov.'  remains  to  consider  tho  genei’al  case,'  i,e.’  to  eyplg.ir.  liov;  vritli 
oi:  -ngc  of  lengtli  of  tJie  tube,  the  vclocily  of  ti’ic  fraemonts  is  changed.  As 
wc  shall  apply  tho  l^ypothesis  of  ^stantanaous  detonation,  and  a-o 


c’.i'';  calculii’ticri  i’l's.^j'.'ieu'fcij  fcj'';'’.oa.  I’roni  01*0  ;';ilcldlc  por'ki^ori  of  t-.c 


T:.c  r-Ji'c-uc  tiorji  the  centre  o‘"  the  chai’CiC  in  a  tine 


D  y  &’ 


(Gl.  id) 


v.i.ero  ■  2/  ic  ti’.c  length  0-  the  chm’^c. 

tiint  t!-.o  cecinii  in  the  firat  cta^c  (up  to  ar-rivol  of  tluo  r.-u-e- 
i'actieii  v/ave)  ia  not  shattered  into  'rra>j;iont3^'  in  order  to  calcultue  t;io  r.oi';;ion 
v?e  a.:piy  .''oiT.mla  = 


B-i/Sf' -(?)']■. 


Since  u=—  j.tiicn,'  introduoins  X  =  —  and  ,  '.ve  ai'rive  at  tlio 

^  ill'  /•()  .  0 


inte£;ri 


X  j - 

/»  A’rfX  1  1/  . 

.  ./  K  m  ‘ 


(61.10) 


T = 0  X  = !  ■  •  r 


oan  bo  presented  in  tl:o  foix:  of  an  ellip¬ 


tic  ad.  inte^iral. 


It  is  sufficient  for  our  puivoso  to  opproxir.u'vte  -1:0.0  intc^i’al  by  tixe 


exforoscion 


J 

?ren  equations  (01,19)  and  (Sl,20)  vie  have 


(Sl.  SC) 


It  is  easy  to  -va-rivc  at  lie  cenoluoion  tliat  the  liraLtins  velocity  of  x'li;:}-,t 


of  -ixe  frayiiexvta  is 


^lia _ _  1  ■*/" 

57"“Y  K  m* 


(61.  i2) 


corresponds  to  the  velocity  detcCTiined  above. 


S^3  7 


t  —  riO-'eraCuioTi.  v/avc  raaor.cj 

c . 

I 


_  .V=:^.vi  :  ii'tor  v,-i-iici:  ti'-o  prccf-a.re  cf  tho  dctoriat:.oa  pi'ociio-;: 

«  .  ^  ♦*  ^  •  -v*^  “  “•*,*>**•''«'*  <*^>•^.‘*>*1  i*3.0V.*  •  •T O  ■»» 

“to  "’  '*  *  z.\\  *u;'ie  CO.SO  0»-  -1-— ^ 


v;a-ic;.  c.cccrdirc  to  tl:-  la'.-^ 


n  sw 


(dl..o) 


■.  of  time  -  rarefaction  v/ave  anr^r.achci;  tl-c  ccotion 

-c.  from  t;c  centre  of  t;;o  charcc,  after  whic-  the  prcciairc  f^lc  acccraan^ 


to  t}.c  i:x; 


a=fa-)*. 

Pi  \c.ty 


(Cl. 1C) 


finoc  -.■•c  oiiifLl  nav-c  an  interpolated^  an;;:  ro:’ij;ate  ooaumaon  >.V;tei'i:'arn..c 
'l:c  volociV  of  tl:e  frafTicntoV  tiicn,  rrisiniv  from  tine  fact  tiOt  an  i...xcev-- 
•.v:e/0  the  -xxiad  flov/  of  ^dll  1^0  predominant,  it  cen  1*0  aocumeu  that  the 
Intorcl  ir.ouloe  arrin’ir.d  at  the  v.'holc  lateral  surface  ao  a  result  cf  t:'.c  o'acaa- 


orjcnoion  of  tine  casing  ic  dctcnviined  oy  the  ejiprescaon 

/o  Vl)  I 


(dr.  ’Jo) 


■;.'.*ere  =  -f  -  inD  . 


rorult  of  tinio,  end  •aeterrriinins  from  ecuation  (Cl,21;  •fnar  \  =  Xu, 


Y/e  slicli  acsuTr.e  tiiat  ■  t  —  ti  =  for  n  — yi 

‘i 


J.^  =  S./±  -then 
V,-  '"o  /  ^ 


,  ,  1  w»  /  /  \* 


^  A  \ 

Vo_^o; 


1  i - 

•'-1  1  r,  -.!l‘±''/  -i 

£)■  4  L  ^  3  M  \ro  /  J  M  /•(j  >  3 


to*. 


2he  total  irapuloc  arriving  at  tiae  entire  lateral  surface  ic  dcterr.lncd 


ly  tiio  orprccciou  1  I  =  Mtii  +  h=^'\/~ 7 


.J-HfLY 

3  Al[roJ 


'  ’3  iv:(/-o)  J 


(51.28) 


Best  Available  Copy 


i 

i 


Best  Available  Copy 


.jC.Lvl  '^«'l  O—  CtOOLl  ll>0  ki  ^•ta  uLlkf^IW  .•y^tC.C',  L 


rc  olo;::'.L;;'.t:r-',','  vi'iiiLifcrins.tiorx-  v/j  obtaivi  : 

/a  . 


CG2.il} 


•  -[l+2k(l-i)]‘“. 

?rc;n  oc:.-.:..lijji.  (o2, 7}  v;o  finl  : 


dx  x  —  i^ 
^—'dt^  t 


S..»«  V<.  ^i>  V«  ••  W 


r  1  —  y*^  1  +  S’)  1  1  —  I  .  Q _ ■ , 

.  ,_fl,^,+_iL__L_£i2J_D,r,+i^]. 

Suodtilu-'^in"  ti'io  v.ulu&  I'ourll  io-  x  i;'.  (G1, IS},  v.'c 

v/hidi  ^ivc3  dvo  I3.V.'  oi*  riXJw.oii  k>.‘  -i.-Lj  boG^’V 

l(v  LHi  Citi  W  •...>#  ...W  ^L..ls^.XO  *  .*•  W  ^  M  'k 


(32.12} 


*1  lu.N 

^  j.wy 


(C2.1.1} 


.uv>; 


a:  — 20/  ll  2/(1 

/ 


u  c—  ,  ~*""iii)  J  t  • 


/^2  (/;  “  t)  =  26/. 


(oii*  -i-"'^/ 
(32.17} 


/  _1  4_  >'=-1 

ZJi-  '  3il'!>  * 


y,  -^2* 


^  'Ow*  ^.J  I 


S'^1' 


For  largo  values  of  e:q?anding  the  expression,  in  powers  of  ,  we  obtain 

7  =  I -’1+ 1(^+5^). 

lor  t-*QQ  7-  =  1  — '>)+ ~p~'Y‘ 

It  is  obvious  that  for  Al™0  i  tiio  inpulso  of  ihe  projected  bocjy  7 ™0,', 
for  ;M->oo  /‘^Afusa-^-^  $  for  t^oo  1/  =  -^  and  oonseqjien'Kly 

!=x-^  niD,  i  whioh,'  as  we  established  earlier «  oorrei^onds  to  the  total  momentum 
of  the  detonation  products  as  a  result  of  their  dispersion* 

We  oon  see  that  for  large  values  of  absolute  term  is  absent 

m 

from  tile  relationship  between and  >1  in  order  to  detemina  the  relationship 


(61.24) 


between  /  and.n.  V  it  is  neoessazy  to  eigpand  with  reject  toj*l,up  to  terms 
oontalnlng  ’I*  «■  . 

On  oanying  out  the  oaloulation  for  u,  end  /  ^  we  obtain/  for  <  po> : 

“"J  ’l)*  ^  “ ’1^* 

In  oonolusionj  we  shall  .show  that  if  the  detonation  products  are  dl^orsed  in 
all  diraotlons  (detonation  of  an  open  ohargo)  then  the  relationships’. ivhibh  .wo 
have  derived  will  hold  good^if  by  the  guantHy  "mass  of  oharge".  m  wo  understand 
the  nose  of  its  aotlve  portion  m*  •' 

lable  101 

Oooparison  of  experiment  and  calculated  veloolties 
of  plates/  projected  by  -the  explosion  of  explosive 
ohargoBb 


e 

'o.i  tt/aea 

! - 

/  «.;  g 

B 

1  exp  .  IOC52 

'll 

■oalo 

22.8 

1*50 

.6880 

e.60 

2.04 

2440 

2670 

91.6 

22.8 

1.40 

7313 

6.80 

1.98 

2540 

2790 

90,5 

22.8 

1.60 

7690 

6.82 

1.87 

2700 

2450 

91,6 

22.8 

1.60 

8000 

6.79 

1.98 

2830 

5060 

90,  5 

1.40 

7316 

6.91 

1.16 

2050 

2170 

95.  s 

The  results  of  the  experimental  investigations  v&rify  the  theory  v/hioh 
las  heeh  developed  quite  ivell,’  as  can  ho  seen  from  Table  101,'  in  v/hich  com¬ 
parisons  are  made  of  the  experimental  and  oaloulated  (calculated  according  to' 
relationsliip  (Sii.  15)  )  velocities  of  plates  in.  the  case  of  a  charge  of  plileg- 
natlzed  hexogen.'  Iha  charge  was  Installed  in  a  thick  steel  tube. 


T-No.l488^ 


aiAETER  XII 


CUl.(UliAIIC3N , 

^  65»  General  Introduotion 

Xhe  oumulatllre  effaot  is  a  substantial  Inorease  in  the  local  effect  of  an 
explosion.  This  effect  is  obtained  by  using  ohargea  having  a  reooss  at  one  end  - 
the  Qumulative  reoess.  Ijf  such' a  ohazge  be  Initiated  fvom  the  opposite  end,  then 
the  bxissnoe  effect  in  the  direction  of  the  axis  of  the  reoess  turns  out  to  be 
considerably  greater  than  that  resulting  fj^ca  normal  charges.  It  has  been  estab¬ 
lished  experimentally  that  if  the  surface  of~  the  oumulative  reoess  be  covered  by 
a  thin  metallic  casing,  then  the  azmouz^pieroing  action  of  a  cumulative  charge 
Is  increased  many  times  (Table  102). 


Table  102 

Effect  on  armour  of  normal  az;d  euoulative  charges. 


Oharge  oharaoteristioa 

Obstaole 

Nature  of  deformation 
of  obstaole. 

Solid,  cylindricaljheight 
ISCtem,  diameter  65mm 

Armour  plate, 
thidknesa  20Q]1d 

Indentation 

Ditto ,  with  conical  re¬ 
cess,  without  casing 

-Ditto- 

"Crater",  with  depth 

22mm 

Ditto,  reoess  has  sted 
casing,  tliiokness  2m 

-Ditto- 

Through-puncture 

The  increased  local  effect  of  charges  with  recesses  has  been  loiovm  for 
more  than  100  years.  Hsuvsver,  for  a  long  time  no  proper  attention  ■was  paid  to 
this  phonaaenon  and  oumulative  charges  were  not  used  in  militaw  and 
teohnolo^. 

The  first  systematic  investigations  of  the  phenomenon  of  cumulation  were 

HIL  The  generally  aooepted  name  for  this  phencmonon  is  charge  shaping,  and  the 
effect  is  known  as -the  shaped>oharge  effect 


s'Vi 


oaxried  out  during  ISZS  -  1926  by  SUaHAREIVSKII^  vho  est^Ushed  the  relationship 
batweea  the  exmoux>-plerodng  aotlon  o£  oian^Utlva  charges  (leLthcut.  oasing)  and.  the 
shape  of  the  reoeaa  and  a  nunher  of  other  factors. 

CunulatlTo  ohargea  attacnad  wide  ptractical  appUoation  only  during  the 
period  of  the  Second  World  War«  These  ohargea  ware  used  in  amamitiaa  ahd  la. 
demolition  egexrts  designed  for  ocnhattlng  tanka  end  fortlfloatlona* 

Only’  during  the  yeera  of  the  Saoond  World  War  were  serious.,  es^rloental 
and  theoretioal  larestlgatioaia  of  oumulatlon  Initiated*  The  most  outstanding 
sork.  In.  tMs  field  is  attributed  to  Soviet  Soientiata  (PQERBVSQIf  LtiXBESS*^ , 
at  el  )• 

The  atmotural  hydrodyneoio  theory  of  ounulatlon^  baaed  on  aooorata  phyw 
aioal  idaea,  «as  aorkad  out  la  1945.  .by  LlTItENT*^  and  Also  by  tiie 

inarloea  soientiata  Tiqia,oa:,and  Baedulberger  at  al* 

On  the  baala  of  militazy  eaperlmenti  it  oan  be  oonoluded  that  ounulativo 
sunltlons  are  effaotlve  i^enta  of  attack  e^olhat  aznoured  tergeta  end  engineering 
atruoturaa*  They  have  also  found  vide  ajpplioation  la  tedhnology»  es^oially  fear 
extraotion  of  petr^aum* 

The  study  of  this  problem  must  neoessaxlly  oennanae  with  a  study  of  the 
cunulative  efCeot  in  a  pure  flao>  i.e;  la  the  ahsenoe  of  a  netalllo  easing, mi 
the  surface  of  the  reoesa. 


With  the  use  of  nonnal  oharsea  (°ot  having  recesses)  ire  are  oonoemed  e»> 


.J.JI  > 


_ m  \  _ •«  •  ■  • _ 


products  and  shook  eaves*  The  cbaraotarlatio  feature  of  auoh  ntotion  Is  the 
rapid  deoresse  of  the  basic:  gas  parameters  (peeasure^  velocity,  density)  pdr 
merily  as  a  oonsequenoe  of  the  energy  dlatributlon  of  tiie  explosion  with  res¬ 
pect  to  the  motion  of  the  detonatlan  produota  and  of  the  shook  waves  in  a 
oontlnuoualy  Inoreasing  apherioel  volume. 


rV7 


On.  the  oontraTT,  as.  a  reavilt  of  the  motion  of  the  ocowergent  stream  of 
detonation  produ-.  or  of  the  shook  waves,  a.  Lunsiderable  increase  of  the  para- 
me'bera  of  the  medivam  occurs.  The  specific  feature  of  such  motion  Is  the  sharp, 
lacroaae  in  the  energy  density  of  the  gas,,  which  in  its  turn  leads  to  a  corw 
siderahle  increase  in  t.  ^  lood  dastruotlve  effect  of  the  e:^osion.  Similar' 
motions  are  attained  as  a  result  of  the  explosicsi  of  speoially^haped.  charaes  • 
girmilative  oharges. 

Tbus»  the  cumulative  .‘effect  acnalats  in  the  fact  that  it  is  assoda-ted  with 
a  oonsiderahle  oonpresalon  of  the  detonation  produota,  an  increase  in  their 
pressure,  and  also  with  a  oonsiderahle  Increase  in  energy  d^ity  of  the  dis- 
perslxig  detonation  produots,  as  as  in  the  shoolc  waves.  ociginatiAg  as  a 
result  of  the  esf^osion; 

A  spherical, oonvergent  shook  or  detonation  wave  serves  as  a  odassioal  eat* 
aople  of  ououlation*  Ih^ssures  of  arcund  a  million  atmospheres  may  originate  at 
‘the  centre  of  oonvezgenoe  of  such  a  wave*  This  tom  of  ounulatlon,  in  partioular, 
oan  he  realized  hy  ‘the  use  of  hemi(pheriaallyw8h9.pod  oharges  wi'th  simultanecua 
initiation  of  explosion  over  the  entire  outside  surfaoei  Hbwaver,  the  entire 
cumulative  effect  in  the  given  oaae  will  be  oentred  inside  a  oeevi-ty  -  in  the 
zone  adjacent  to  the  oentre  of  the  sphere.  This  form  is  purely  radial  oumuls'bicn, 
which  may  find  an  extremely  limited  praotioal  appltoation.  Nevertheless,  it 
is  of  great  soientiflo  interest,  since  as  a  result  of  its  oonaldaration,  certain 
fcattarss  «rs  revealed  •which  apply  generally  for  the  cumulative  effect  as  a 
i^le. 

The  moat  ijiportant  praotioal  slgnifloanoe  is  that  of  directional  axial 
cumulation.  Ihis  form  of  ouirulation  am  be  achieved  by  e^loding  oharges  having 
a  reoess  of  ‘me  shape  or  ano-bher  (hemlepherioal,  conloal,  paraboloidal,  hype3>- 
bololdal^eto).  cumulation  is  dependant  on  ocmpresalon  of  the  detonation 

'ry?' 


produots.  and  their  ayooeleratlon  alons  the  axis  of  the  recess.  This  fom  of 
cumulation,  in  oantrsist  ffcm  radial  ourulation,  ia  always  associated  with  the 
formation  and  direotional  motion  of  the  ao-oallsd  cumulative  jet. 

^64.  Dli^rsion.  of  £:9lOBion  l^roduota  fVcm  the  Inolined 
Surface  of  a  Charge. 

In  order  to  iisteimina  the  conditions  for  the  formation  of  a  cumulative  jet 
as  a  result  of  axial  directional  oumulatlon,  it  la  necessazy  to  consider  first  of 
all  the  fundamental  laws  of  dlsdharge  of  the  detonation  products  frca.  a  hollow 
cumulative  recess,  which  in.  its  turn  leads  to  a  review  of  the  problem  oonooming 
-^he  flow  of  detonation  produots  trm  an  inolined  plane,  i.e.  'it  leads  to  the 
study  of  detonation  of  a  linear  oharge  in  the  oase  when  the  detonation  wave 
approaches  the  surface  of  the  oharge  at  a  certain  angle. 

In  analysing  the  diagram  of  the  dispersion  of  the  surface  layer  of  the 
charge  as  a  result  of  an  inolined  detonation  wave.  It  oan  be  proved  that  the 
main  portion  of  the  energy  of  this  layer  ia  radiated  within  quite  a  small  angle, 
the  biaeotor  of  which  makea  an  angle  '  T  with  the  nonnal  toiiithe  surface  of  the 
oharge,  depending  on  ji  (Pig.167),  where  e  is  the  angle  between  the  detonation 
wave  front  and  the  surfaoe  of  the  ohszge.  On  the  average,  more  tlun  7C^  of  the 
energy  of  the  surfaoe  layer  is  radiated  within  an  angle  of  10®'  j  1  a  16®  for 
'«“-r  ;  7  n  10®  for  ““-T  • 

We  reoall,  that  in  oalculating  the  dispersion' of  the  detonation  produots, 
resulting  fTom  PRANDTL  -  MBlCSR's  solution,  wo  are  correct  in  speaking  only  of 
the  dispersion,  of  the  surface  layer  of  explosive.  Dispersion  of  the  deeper 
layers  will  not  conform  with  the  law  quoted;  with  inorease  of  .thickness  of  the 
oharge,  the  thicicneas  of  the  surface  layer  to  vriiich  this  aolutien  applies.,  is 


■s:Vf 


Inoreased. 


priit«H  Dii^era:’  on  of  detonation  Sheoxy,  aa  mH  aa  experimenta, 

pzoduota  from  an  Inollned  plane*  abom  that  the  auxf aoe  layer  of  a  oosu- 

lativa  charge  oarxlea  the  main  portion 
of  the  energy  e^q^ended  on  deatzuotlon 
of  the  ohataole. 

Wa  ahall  analyae  In  detail,  the 
detonation  of  aa  extended  linear  charge* 
Sie  axperinenta  of  KQEROVSKU  and 
SOBBCSUXSV  are  in  ooa^lete  agreemnt 
with  thaosy  and  have  ahofim  that  the 
nwxinna  effeot  oh  an  obataole  are 
exerted  tor  the  detonation  prodiota 
nn3d.ng  an  angle  of  7  -  14^  with  the  noaaal  to  the  eurfeoe  of  the  dharge* 
the  main  portion  of  the  energy  of  ai  linear  oharga  ia  oonoentrated  eithln  a  — "i** 
anglOf'  then  it  la  poBalhle  to  ooaatxuot  geonetrloally  the  ftonta  of,  the  dlepejv 
aing  detonation  pxoduota  of  auoh  a  ebaxgOf  given  liiy  any:;eqpatioaf'  i«e^  a  oharga 
having  the  foxn  of  any  axhitraxy  curve.  Conversely  ;  it  is  poasUde  to  determine 
the  eqjiation  of  the  linear  oharge  ehioh  prodaoes  at  a  given  diatanoe  a  given 
aurfaoe  for  the  front  of  the  detonation  produota* 

Great  interest  is  presented  ly  a  linear  oharge  having  a  "Pi^^ahitpa 
(Pia.iaa),l  If  moh 

point  Of*  then  the  following  takes  plaoet  the  front  of  the  detonation  produota* 
prooeeding  from  the  Una  OA  through  an  angle  T.'f  and  the  front  pxooeedlng  from 
the  lina  AB  through  the  aane  anglei/  meat  along  tho  iA«.t  o‘A  ;  aa  a  reault  of 
^  +T-  Similaiayf  we  obtain  the  line  0!JB  for  AB  and  BO* 


fituOIy;  the  of  enocfuntar  0*S  for  DA  and  BO.'  It  is  o1»vious  that  -ttia 
point  O',  has  iha  ooordlnatos  .  Rliiara  158.  Detonation  of  a  "Pi”- 

x  =  ^5cos^(46“-7)=^(H-sin2t)!  ■In®'**  ohaPaa.( 

y  =  OA — ^cos  2y. 

If  -iijis  obarga  ba  plaoad  on  a 
matalllo  plataV  than  natlnun  dafor- 
siatioa  of  tha  natal  will  ba  obsarvad 
Just  along  tba  Una  A0*ij»'  O'P  and  O'S. 

It  is  obvious  -tfaat  liy  naasuring  tiio 
anglas  0A0!,i|  ABO*  and  tha  ooordinatas 
of  tha  point  0'<f  tha  aaj^a  I*  oan  ba 
datazadned  with  a  high  dagraa  of 

aoouraioar  >  and  also  tha  ^lantit^  sinoa  sinT^-^  (  1  la  tha  Uaoh  anjCLa 

u  u  . 

a 

in  tha  givan  problaa  ), 

Siqiposa  that  tha  maadnan  aotLon  of  tha  datonatiott  prohzots  is  moving  with 
a  velooitgr  u.  *.  ihenj,  as  a  rasolt  of  tha  detonation  of  tha  linear  ohazge^  tha 
surfaoa  of  propagation  of  tha  maxima  will  have  a  raotilinaar  shiqpaw'  Sinoa  it  is 
an  anvalopa  aggregate  of  the  individual  wavea^  than  its  angla  of  to 

tha  surfaoa  of  tha  oharga  will  also  ba  tha  Uaoh  angle. 

It  should  ba  noted  that  hare  u  is  not  tha  valooltgr  of  the  partLolasV  but 
tha  valooltgr  of  motion  of  the  maximni  itself,  vhioh  is  several  times  less 
the  valooltgr  of  tha  partielss,.'  A  similar  oasa  ooours  with  the  one-dimensional 
difl?erslon  of  a  gas  issuing  ftom  a  flaafc;  when  the  va7=oolty  of  motion  .  £«„  is 
“■  TJUti  the  naTrtini,in  valooitgr  of  the  partioles  is 

1  7+  I  1  +  1  ’ 

Which  for  t=*=3  gives  ' 


S^S'/ 


It  is  obvious  tbat  ‘tiie  vaz^  olear  uid  shaxp  zone  of  actbon  of  iiie  mairiBiram 
(pu”)  .  gives  -the  possibili-ty  of  fooussinc  the  s-tream  of  detonation  products. 

Xbia  is  possible  as  a  result  of  the  following  oondi-tipna.l  !13ie  detonation  pzo^ 
duots«  proceeding  from  -the  different  points  of  the  de-tonating  surface  should  ooni^ 
■verge  sizultaneousHy  at  the  focal  pointy'  oonseguentOoTf  the  front  of  -ihe  oonvn>i 
gent  -wave  of  the  detonation  products  should  be  •  apherioalf  and  the  ancfle  be-tneen 
the  tangent  to  the  surface  of  the  charge  and  the  direction  at  the  focus  is  oon- 
stauti  7e  shall  derl-ve  the  equation  for  suoh  a  "outulating”  surfaoeia  Tirst  of 
all  -we  shall  consider  the  plane  problem  and  s»  shall  deri-ve  the  equation  of  the 
!*cMnnlatiag*  ourve^  glylng  a  oonvergeat  oirculsr  wave.  Ye  shall  arrange  that  the 
origin  of  the  ocordinatea  is  at  the  focus  of  this  curve.  Suppose  that  a  detonation 
be  initiated  at  a  certain  point  0  (7i^l59}.  Dhen/  from  the  principle  of  tauto- 
ohronisB  (Veraat*  s  Principle)  we  have 

^  u  u 

Hence;  for  the  length  of  the  are  CUL  Pliiura  -tiso-i  Folaxogrt^hie  spiral*' 
we  obtain  the  e^qpreaaion 

w0.4=  y  +  d<p  —  (OF  —  AF)^  =  Sr[ro  —  r),^ 

%  •  u  u 

T 

(04.1) 

where  u  is  the  velooitgr  of  aotloB  of 
the  Qf  motion* 


We  have  obtained  the  equation  of  a  polarosraphio  apiral. 

By  forming  the  surface  of  rotation(axl8  of  rotation  OP),'  ffe  obtain  ihe 
cuBUlating  surface*  giving  a  convergent  spherical  vave.  As  Is  mn-knovm:*  a 
polarographio  apiral  satLafies  the  condition  that  :  the  angle  betneen  the 
tangent  at  any  point  A  and  the  radiua^veotor  is  a  oonstant  valuer 

It  is  obvious  from  the  oonstruotion  tiuit  this  angle  is  equal  to  90° , 
and  that  90°— 1=  ISO®"— (*  +  9),  ,  ithere  »  lij  the  angle  of  aXope.  of  the. 


taagenti 

Banoe* 

Since 

than 


T  =  «  — 90“H-9. 


tu  (90°  —  a)  =  CM  »  — 


7  — ‘gf 


—  <g.?  +  > 


=‘»“[»Mt«*7—  '?]=«•»[-(?  4-7)]. 


a  r' 

wot«-=-T!  uu>T, 

but*  «a  have  established 

r'  1 

therefore 


3hus*  the  basic  relationship  for  a  rectilinear  ohaxge  also  holds  good 
in  the  oase  being  oonsidered.'  She  polarotcrs^hio  spiral  is  the  only  ourve  Trtiioh 
as  a  result  of  fooussing  the  detonation  produota*  sinultanoously  possesses 
the  property  of  tautochronigm  and  the  property  of  iireotliig  from  every  ele¬ 
ment  of  its  surface  to  the  focus*'  toe  detonation  produots  with  prooisely 
identical  parameters  through  toe  very  same  angles*  S^erlaentS  with  detonating 
cord  give  good  agreeaent  with  theory.  Wor  detonating  cord 


,.53'3 


.  The  deformation  of  the  plate  on  which  rests  the  spirg,!  made  of 

detonating  fuse,  occurs,  at  the  theoretical  focus  of  the  spiral  to  an  accuracy 
of  a  few  percent. 

The  “volume"  dharge,  formed  hy  rotating  the  polarographio  spiral  round  the 
ft-Htt.  OP  and  whicdi  gives  a  chnvergeht  wave  ftom  the  detonation  products  is  of 
groat  interest  from  the  principle  point  of  view,  since  such  a  charge  with 
sufficiently  large  ddmensions  will  create  ertremely  high  pressurea  at  its  foouS, 
vdiich  may  attain  a  million  atmospheres.  The  initial  average  pressure  of  the 
detonation  products  is  ao.ual  to  100,000  atm. 

The  surface  formed  by  rotation  of  the  polarogri^hio  spiral  will  be  the 
"auniulg.tive"  surface  of  the  ohaz^e  guaranteeing  simultaneous  focussing  of  tho 
detonation  products  only  in  the  case  when  the  detonator  is  looated  dose  to  the 
point  0.  If  the  layer  of  es^losive  between  the  detonator  aiid  the  cumulative 
surfaoe(at  the  point  0)  is  of  sufficient  thiolcaess,  then  tho  shape  of  the 
cumulative  surface  already  oonaidorod  will  not  possess  the  specified  pn^rties, 
since  it  vdll  no  longer  satisfy  sinultaneously  tautocdironism  and  discharge  of 
the  detonation  products  through  the  specified  sngle  to  the  surface  of  thd  oharge 
(for  a  specified  sngle  between  the  detonation  front  and  the  surface). Sy  cutting 
out  ■'  a-  portion  of  tho  oharge,  formed  by  rotation  of  the  polarographio  spiral 
(for  example  through  the  xslane  NTf),  we  obtain  an  actual  cumulative  oharge  which 
is  capable  of  guaranteeing  an  extremely  high  pressure  In  the  zone  of  oonvergenoe 
of  the  elementary  jets.  However,  the  azmoiu>>pleroing'  oapability  of  a  charge  like 
this  Tiill  be  small;  this  is  explsined  by  the  fact  as  a  result  of  its  detonation 
the  normal  cumulative  axial  jet  action  dcies  not  dovelope.  This  problem  will  be 
considered  below  in  more  detail. 

The  theory  of  an  <pen  cumulative  oharge  ,  guaranteeing  direotlonsl  axial 


cumlatlon,  ptreaents  considsrabljr  greater  difficulty  than  the  theory  of  a 
closed  charge,  since  the  stream  of  detonation  products  will  possess  not  central 
(point)  symmetry,  but  axial  syntnotry,  which  increases  the  nimiber  of  ind^ndent 
variables  of  the  problem  by  cna.  However,  the  laws  established  above  enable  a 
number  of  useful  qualitative  oon<£Lusions  to  be  drawn  relative  to  the  nature  and 
process  of  formation  of  a  cumulative  jet  and  to  oarxy  out  certain  approzimte 
calculations  of  its  parameters. 

Prooeas  of  Poimatlon  of  a  Cumulative  Jet.  Tt  was  established  above  that 
the  main  portion  of  the  energy  of  the  detonation  products^  adjaottit  to  the 
boundary  of  the  esQiloded  {^largje,  is  radiated  within  a  small  angle,  the  biseotor 
of  whloh  forms  an  angle  T-  with  the  av^aoe  of  the  charge.  Henoo  it  follows  that 
for  disoharge  through  the  suzfaoe  of  the  ouaulative  reoeas,  the  detonation  pro> 
duoti  will  deviate  £rcta  their  initial  trajectory,  so  that  the  maximum  effect 
will  be  in  the  dlreotlon  almost  pezpendieular  to  this  surface  .Abnormal  refraction 
of  the  detonation  products  oocum  and  a  ahock  wave  ftront  is  created  ahead  of 
them.  As  a  result  of  this  motion  of  elementary  Jets,  a  stream  of  detonation 
Figure  160.  Foamatlon  of  a  Cumulative  Jet.  products  will  be  formed,  oonveiglng 

along  the  axis  of  the  cumulative 
recess  aud  possessing  increased 
density  and  velocity  in  relation  to 
the  detonation  produots,  which  are 
dispersed  in  other  directions.  Xhe 
process  of  formation  of  a  cumulative 
Jet  is  ahonn  diagrammatioally  in 
Fig.160. 

Indlvidued  elementary  Jets  will 
move  normal  to  the  surCaoe  Of  the 


rocesa  onijr  in  the  vioinity  of  the  recosa  itself.  As  a  result  of  the  fur-bher 
motion  p  the  dots  axo  straightened  in  aocordanoe  with  the  general  laws  of  gas 
dynamics.  At  a  certain  distance  fVcin  the  base  of  the  recess^  maadmum  concession 
of  the  cumulative  jet  .akea  place,.  This  distance  F  al^  detoiminea  the  point 
of  locution,  of  the  so-called  cumulative  focua.  At  a  distance  exceeding  the  focal 
distance,  the  cumulative  jet  rapidly  degenerates  as  a  conseqiuence  of  the 
radial  flight  of  the  detonation  products,  which  are  cQiiQ>ressed  to  a  high  pressure. 

It  is  Imown  tlmt  the  cumulative  effect  is  manifested  qplte  clearly  only  in 
the  Immediate  vicinity  of  the  charge.  With  inoreaaing  distance  from  the  charge, 
the  cumulative  effect  .iA.  sharply  reduced  and  then  dies  out  conpletely.  It  can  be 
concluded  from  this  -that  the  action  of  a  cumulative  charge  is  conditioned  prinoi^ 
pally  by  the  shock  of  the  detonation  produotB(oumulative  jet),  which,  at  close 
distances  from  the  explosion  focus  ,  posMss  a  considerably  higher  density  than 
the  density  of  the  air  in  the  shock  wave  moving  ahead,  of  than.  Even  for  normal 
discharge  of  detonation  produots,  as  we  established  in  Chispter  IX,  the  air  den¬ 
sity  at  the  shook  front  is  approximately  20  -  50  times  lass  than  the  density  of 
the  stream  of  detonation  produots.  The  difference  in  the  densities  of  the  air 
and  the  cumulative  stream  is  even  more  oonside ruble. 

Thus,  we  arrive  at  the  oonclusion  that  by  studying  the  phenomenon  of  cumu¬ 
lation,  it  is  necessary  to  pay  particular  attention  to  the  consideration  of  tht; 
motion  of  the  explosion  produots,  and  ,  eapeoially  to  tlist  portion  of  them 
wliloh,  in.  particular,  forms  the  cunrolative  jet  .  Problems  associated  with  motion 
of  the  shock  wave  are  of  secondary  importance  in  the  given  case. 

Results  of  ejperiment  have  shown  that  the  maximum  velocity  of  the  cumula¬ 
tive  jet  (the  velocity  of  its  leading  ,'portion)  for  high  explosive;  charges 
amounts  to  12  -  15  kny'seo.  The  .fcool  distance  depends  first  and  foremost  on 
the  shape  of  the  recess  :  the  less  .  the  curvature  of  the  cumulating;  surface, 


the  less  is  the  refl-action  un<3ergone  "by  the  es^loslon  produots  ia  (aisohargliifi 
through  this  surface  and  the  less  is  the  corre^ndiog  distance. 

In  principle,  the  recess  can  ho  assigned  such  a  shape  that  the  cuaiulativ© 
focus  will  he  located  at  a  distance  exceeding  "tiie  zone  of  direct  action  of  ■Uie 
explosion  products. 

In  this  particular  case,  the  omaulativo  effect  will  ha  chiefly  dependent 
on  the  convergence  of  the  shock  waves.  However,  the  action  of  similar  euaula^ 
tivB  charges  will  he  eonsiderahly  inferior  to  the  action  of  a  normal  cuBulative 
charge. 

Die  focal  :  distance  for  a  given  shape  of  recess  varies  in  relation  to 
the  detonation  volooiiy  of  the  explosive  charge,  Vo  shall  analyse  this  situatton 

i 

hy  the  exasple  of  a  charge  with  a  hemifipberloal  recess.  If  the  detonation  wave 
arrives  sisultaneously  at  the  entire  surface  of  tiie  hemisphere,  then  the  wsu-’ 
lative  focus  will  he  found  only  a  little  beyond  the  centre  of  the  hemi-  heBd^ 
sphere.  !Ihe  notv^lnoidenoe  of  the  focus  with  the  centre  of  the  hemisphere  is 
explained  hy  the  fact  that  for  axial  cumulation  the  elemantazy  Jets  are  straigh” 
tened  according  to  its  proximity  to  the  axis  of  the  charge,  !lhe  sisultaneoua 
arrival  of  the  shook  front  at  the  entire  surface  of  the  reoess,  ohTiously,*'  is 
posslhle  only  for  an  infinitely  large  detonation  velooity.  Henos  it  follows 
that  the  lower  the  detonation  velooity  of  the  asploslya  charge,'  the  greater  is 
the  corresponding  focal  distance.  Shis  circumstance  is  one  of  the  reasons 

for  the  oonsiderahle  deorease  in  the  cumulative  effeot  as  a  result  of  detomting 
cusulatlVB  charges  of  lowi-hrisanoe  e:i^lo8ives  (ammonites,  eto)« 

For  a  given  shape  of  recess  and  given  properties  of  the  escplosive  charge, 
the  focal  dlatanoe  oan  he  varied  by  introduoiag  inside  the  charge  i^eoially 

..!«>*.*  of  an  loart  or  of  uiothor  MiplortTO.  •Imo.s" 


eiuAle  the  detonation  prooess  to  Ido  direotedf  thus  ensuring  in  partio>^erf 
simltaneous  arrival  of  ‘tiie  detonation  irave  at  the  surface  of  the  rocess* 
Figure  161  shows  charges  with  “lenses'*.  In  case  °  »  regulation  of  the  tine  of 


Figure  161.  Cumulative  ahargesn'  with 

lenses. 


arrival  of  the  detonation  wave  at  the 
surface  of  the  reoess  is  ensured  lay 
ohanging  the  direction  of  the  deto» 
nation  ftent  ;  in  case  b-f  the  lens  is 
of  an  ea^losive  witii  a  lower  detonation 
Tsloeitgr. 

In  order  to  eluoidate  the  influ-^ 
enoe  of  the  shape  and.  disiensiona  of 
the  reoess  on  the  destxuotive  action 


of  a  ouBulative  charge,'  and  also  in  order  to  ooa^ute  the  energy  and  mass  of  the 
euaulatdve  Jet,*  It  ia  nevsssaxy  first  of  all  to  estahllsh  nhldi  part  of  the 
eaplosive  oharge,  in  partLoular,'  forma  the  ouaulativo  Jet  Te  call  it  the 
"aotlve  portion  of  the  ousulative  charge". 


Aotive  Portion  of  a  Ouxoulatlve  Charge, 


In  order  to  asseas  the  aotive  portion  of  a  oioulative  oharge,  we 
use  the  aystem  of  instantaneous  detonation.  In  this  case  the  rarefaction  waves 
proceed  from  all  sides  of  the  oharge  with  uniform  velocity,  which  permits  the 
shape  to  he  determined  sljig^  of  the  surface  of  the  two  ooiwergent  rarefaction 
waves,  coming  from  any  two  surfaces,  ia  this  ease  when  these  surfaoea  are 
specified  (Pi(fcl62), 


let  the  equation  for  the  surface  of  revolUtioa  ^  ho 


yi  ==/i  (Xi). 


(66,1) 


Th.0  f-*iation  for  aurfftoo  of  ravolution  "2  acure  162.'  Aative  portion  Qf 


)/% — 


(65.2) 


¥e  shall  mite  the  ^U3}allOTO  equation 


in  the  form 


y==Ax)-  ■ 


(65.5) 


It  is  obvious  ft«m  the  aonslaniotion 


a  ounulative  oharge.' 


x  —  xi~z,  y=^yu  x<=^xi, 
y=y»-X‘ 


(65.4) 

^n^l)^^wa■^■■tn£  2,  tram,  equation  (6£w 4)'t'  we  arrive  at  tiie  relationship 


Sinee 


y-y,=’X-x^. 


A=9t(yi)  •»*  yi-^y' 


ya  =  /a  (•’fa)  and  X  =  Xi, 
then  relationship  (65.5)  assuises  tiie  fozn 

y-h<fi(y)=^x+/t(x). 


(65.6) 


Shis  equation  ieterminea  the  unknoim  surface  of  enoounter  of  the  tno 
rarefaction  waves.'  It  is  obvious  -that  'the  line  i/  =  f(x)  should  be  equal  to  -the 
isparture  of  the  lines  if,^/,(x,)  ^  ea  =  f»(xt).  •  It  is  net  ^Lffieult  in 
principle  to  find  the  equation  of  this  line.  H6wever«  since  inside  -the  reuess 
‘the  streaa  of  detonation  produots  is  dispersed  jaore  aloidy  than  tram  'the'  extern 
nal  face,  a  relatively  laz^e  portion  of  'the  detonation  preduota  will  issue 
fron  the  external  faoe,  tlherefore  -the  Itaae  y  =  ](,x)  is  displaoed  close  to 

"the  line  fii~fi{xt)  . 

If  the  dlstanoe  fron  ihe  rear  surface  of  -the  charge  (Fig,  162)  to  the 


ss'i 


point  0  is  not  less  than  the  distance  from  it  to  the  apex  of  the  recoss(not 
less  than  ),  then  ■’Ive  line  of  encounter  of  the  rarefaction  ivaves  vdll  "bo 
approximately  the  line  of  s^aration  of  the  tulk  of  the  explosion  products, 
di^ersinf  in  different  directions.  It  is  ohvlous  that  the  volume  of  the  active 
.;ortion  of  the  charge  a.  ,  of  the  portion  moving  in  the  direction  of  the  oimo 
lative  recess,  is  determined  ••  if  the  di^lacement  of  the  line  j  is  not 

taken  into  account  haoause  of  the  somewhat  different  oonditiona  of  flow  of  the 
detonation  products  from  the  external  and  internal  surfaces  -  hy  the  integral 

r+»  r+» 

K.fanJ  y*dx—it^  y\dxi. 


(68,7) 


As  a  result  of  this 

y—ya  =  — d>„. 

which  follows  from  equation  (65. 5). 

It  is  neoessozy  to  know 


then 

and 

which  gives 


==  <Pi  CVi). 


v.  =  ^  —  n  f  y\dyi. 


(6S..8) 


It  remains  to  find,  y'i  &a  a.  function  of  yi,_  which  is  not  difficult,''  since 

yi=/i(xi)  ^  yi=‘A(x). 


On  the  other  hand,* 
which  gives 


^—9i  (>i)  =  . 


and 


yj  =  0)  (y,) 


/*  -  . 

y\^^dy,, 


(65,9) 


In  the  particular  case  when 


>'2  =  /‘o  =  const 

(cylindrical  oliarge),  equation  (65i6)  assumes  tlie  form 


Figure  163.  Active  portion  of  a 
cylindrical  cumulative  charge. 


■  y-\-fi{y)—x+ro 

and  the  volume  of  the  active  portion  is 
dotennined  hy  the  formula 

.  (65.10) 

» 

since  in  aquation  (65.9)  the  expression 
under  the  Integral  sign  is  equal,  to  zero, 
i.e.,  the  active  portion  depends  onl^'  on 
the  oalibro  of  the  charge.  As  a  result  of 
this,  it  ia  assumed  that  the  radius  of  the 
base  of  the  recess  ia  equal  to  the  semi-diameter  of  the  csharga.  IVom  this.,  cne 
must  drair  the  oonoluaion  that  the  active  portion  of  the  charge  la  reduced  by 
varying  the  diameter  of  the  base  of  the  recess.  Consequently,  in  order  to  obtain 
a  large  active  portion  in  a  charge  of  given  diameter,  it  is  essential  that  the 
diameter  of  the  base  of  the  recess  be  made  as  large  as  possible. 

For  an  example  vte  shall  consider  a  oyllndrical  charge  Tilth  a  hemispherical 
end  seotion  and  a  reoess  of  arbitrary  shape  (Pig;165).  The  height  of  the  charge 
ia  equal  to  2rg-\-h  ,  ihe  volume  of  this  charge  is  equal  to 

<■0  2 

'£'0  =  7T^o(/'o ~h A) -|- g  >*Ao — It  f  = 

6' 


The  ratio 


where 


5  +  3 1  _4 

'■o  '■o  s'  y^ 


(65,12)  . 


dy, 

dx 


St! 


■  (65.,15) 


i’or  a  conical  recess 


i  >i 


5  5,2  2, 

*j  fo  « »  “T  «» 


5:«=5-1-2A, 

^  /’o 

Hence  it  Is  obvious  that  for  actual  charges  (A«<2/-o) 


(65.14) 

(65;15) 


i.c.  the  mass  of  the  active  portion  of  the  charge  will  comprise  lijo  of  the  mass 
of  the  whole  charge.  The  charge  ahovm  in  Pig.lPS  has  the  minimum  possible  volume, 
for  which  the  whole  of 'it  la  used  for  calculating  the  active  portion 

The  active  portion  of  a  £lat(nonF>oumulative  dhairge)  is  deteznined  as  before 
by  the  relationship  n  , 

V.  =  -j  /■()• 

k  t  ' 

^e  minimum  voluma  of  a  similar  <diarge  is 

t/fl  =■  nrj  + -j  itrJ  ®* -j  0-  (65*16) 

Therefore  ^=6,  which  can  be  obtained  directly  from  formula  (65.14)  by 
substituting  /t  =  0.  in  it*  Similarly,  a  oylindrloal  zusin-rounded  charge  will  have 

e,=.2«/-5  and  ^=^6.  '  (66,17) 

STANYUKOVICII,  having  lik^se  investigated  the  propagation  of  rarefaction 
waves  for  detonation  produots  dispersing  imder  actual  conditions,  showed  that 
the  relationahlpsdorived  above  for  the  active  portion  of  any  oharga,  are  appli¬ 
cable,  for  instantaneous  detonation,  with  an  aocuraoy  of  5^  for  oaloulating  the 
active  portion  in  the  cane  o:f  an  actual  detonation. 

On  analysing  the  results  obtained,  we  can  arrive  at  the  following  oonolu>> 
sions.  The  minimum  height  of  charge  for  which  its  active  portion  attains  its 
limiting  value  is  eqjial,  for  a  oyllnder>  to  Wjj/-  2ro  +  A  ,  whldi,  for  aotual 
cumulative,  charges  with  a  oonlcal  recess  without  casing,  oorresponds  g^peroxi^ 
mately  to  2  diameters.  By  reducing  the  length  of  the  charge,  the  weight  of  the 


5"^  2^ 


active  portion  is  reduced  more  3lov;ly  than  the  ■raeight  of  the  whole  charge.  This 
permits  charges  with  a  height  of  //<  Wiia  to  be  used,  in  cmnulative  munitions, 
without  noticeably  reducing  the  cumulative  effect. 

It  follows  from  eq,imtion  (65.10),  that  with  increasing  diameter  of  the 
base  of  the  cumulative  recess.,  the  cumulative  effect  should  increase  considerably, 
since  the  mass  qf  the  active  portion  la  proportional  to  the  cube  of  the  calibre. 

We  shall  study  now  the  effect  of  a  casing  and  of  a  lining  for  a  cumulative 
charge  on  the  size  of  the  active  portion.  We  shall,  consider  the  following  one- 
dimensional  problem  :  Suppose  that  in  an  infinite  noi>*defoxniable  tube  two  bodies 
of  masses  Mi  andMi  move  in  opposite  directions  under  the'  action  of  an  oapanding 
gas(datonation  produots).  The  mass  Mi  is  moving  to  the  right  and  Af,  is  moving  to 
the  left.  It  is  requiz'bd  to -determine  the  valooities(  U\  and  u,')  of  motion  of  the 
masses,  and  also  the  mass  of  the  detonation  produots  moving  to  right  and  to  left 


(ffti  end  following  relatloitfhlps  axe  obvious  t 

““•7*  =  (66.18) 

Asauming  that  the  vrioolty  of  the  gas  is  distributed  linearly '  with  respect 
to  its  masses  mi  end  m,,  then  flrem  the  Law  of  Conservation  of  Momentum  we 
obtain 

— Afjaj=0.  (65.19) 


The  Law  of  Oonaervation  of  Energy  givas 

«■  ,  M,ul 


^  me: 


(65.20) 


6  -T  5  Tg  r-j-  — «*v=-g- 

whoro  7, ,  is  the  velocity  of  sound  in  the  detonation  produots(for  the  case  of 
instantaneous  detonation).  It  is  further  obviouB,that  «■<»»» 


«  =  T'  (S5-21) 

Solving  simultaneously  equations  (65.19),  (65.20)  and  (65.21),  and  taking  into 
account  that  m==mi-f-  OT2  ,  we  obtain 


jr/3 


«!  = 
'iLV  _ . 


j _ ^ 

2  [‘  ^M, 


Afa  Ml 


m 


\  —  "’fl  1  ^1  — jWj  \. 

+  Mt+mJ’  2  1*  +  ’ 

2/n(m  +  2Af,)»  (iWi  +  AM-^ 


■  (m  +  2A(,)>  [m  (m  +2/Mj)  +  6Afi  (Afj  +  M,  +  m)li-(m  +  ^  ' 

^  [m  (m  +  2Mt)  +  SM,(M,  +  Mi  +  m)]  ’  '•- 


■m 


»  im(m  +  2M,)‘‘{Mt  +  Mi  +  m) 

(m+2M,)t  (m  (m .+  2M,)  +  6iM,  (M,  +  M,  +  m)]  +  (m  +  2yM,)» 

V  _ I _ ■ 

[m  (m  +  2M\)  +  -f-  +  m)] 


X 


We  nan  detenolae  the  vinilatcral  inpjlse 

A  —  —  /a  =  Wi  4"^j  ==  “Wj  |^Af2 
In  the  particular  case  i\dien  Mi  =  Q, 


/  _  /  _  ”'!“2  _  “I 

/, - /j - ^  — 


(65.22) 

(65.23) 

(65.24) 

(65.25) 

(65.?6) 


Since  for  Mi  =  0 


then 


/W,. 


m* 


tti 


y  (m  +  4iW,)  (m  +  Mi) 
f  _ _ ;  m7{,  ■  (m  +  2Mi)* _ . 

*.  *  ■»  (m  +  Af,)  VW+MiHm  +  4Af,)  ’ 


(65.27) 


forl/Vf|-+0  ;  for  ■M,-*co  A  =  !^  ■  p  lEhese  results  are  obvious, 

since  as  a  result  of  reflection  fr«a  an  absolutely  solid,  wall  (Mj  -t.oo)^  the 
impulse  is.  doubled. 

If,  =Al3  =  Af,-,then 


«i  = 

A= - /j; 


l=«2=^. 

(65.28) 

^  m  +  5M' 

(65.29) 

(65.50) 

/W-+CO  =  ^->.00, 

which  is 

If  M-^0,  TO  A=:-J-';  for 

quite  naturally  so,  ainoe  for  M  -*-6o.  the  pressure  at  the  wall  will 


jTliV 


aot  for  an  infinitely  long  tliae. 

Xhis  sane  scheme  can  he  used  ytiHx  a  high  degree  of  accuracy  for  studying 
the  disintegration  of  the  active  portion  of  a  cumiiLative  charge^'  a  ssuming  that 
m  is  the  mass  of  the  explosive  enclosed  hetireen  the  casing  and  i^e  lining  units, 
and  that  Mi  and  Mi  are  the  oasses  of  these  units*  She  distance  hettreen  ihe 
casing  and  lining  units  la  chosen  \(ith  reject  to  the  shortest  straigh')!  line*' 

S  66.  Cusulation  -ntth  Hetallle  Xiining  of  the  Beoesa.'' 


In  the  presence  of  a  aetallio  lining,'  as  already  noted^'  a  very  sharp 
intensification  of  the  ousulativa  effect  is  observed  at  the  surface  of  the  xpoess. 
Botfflthatanding  this  olrouBstanoe,'  the  sasw  physioetl  peouliorltles  are  oaintained 
in  this  case  'nhloh  are  ahttrasteriatla  of  ane:9losion  of  a  ouisulatlve  charge 
without  lining  of  the  recess*'  However,*  the  pioture  of  the  phenomenon  uiAder  dls^ 
ouasion  as  a  result  of  this  is  oonslderahly  altcre<l. 

It  has  heen  estohliahod  as  a  result  of  osiieri!neiital  asid  thaoratioal  invua- 
tigations  tha,t  the  intensification  of  the  ouaulative  effect  in  the  presence  of 
a  lining  is  assooiated  with  the  eztrenely  powerful  and  luiqjjie  redistrlVution  of 
enerQT  between  the  explosion  products  and  the  oaterial  of  the  netalllo  lining, 
and  the  conversion  of  part  of  the  metal  into  a  oumulative  Jet.  She  part  of 
the  energy  of  the  active  portion  of  a  cumulative  charge  is  "  punped  over"  into 
the  metal  of  the  lining  so  that  a  thin  layer  is  oonoentrated  in  it,'  which  really 
forms  the  cumulative  Jet,  As  a  consequence  of  this,  a  considerably  greater 
energy  density  is  attained  in  the  Jet  than  Toy  the  eo^losion  of  a  charge  without 
lining  of  the  rooess,  Ihe  mxima  "  squeosing"j  determined  ly  the  ratio  of  the 


diameter  of  the  recess  to  the  diameter  of  the  Jet,  for  a  charge  without 
i.  to  4  -  ^  ^ 


is  oonsidorabiy  G7'eater«  slxxoe  the  diameter  of  the  cumulative  jet  is  equal;  to 
1  -  SzODti' 

Xhe  nature  of  tlie  oumulatiTe  jet  and  the  mechanism  of  its  formation  has 
■been  successfully  established  by  methods  of  instantaneous  Z-rsy  tediniquos,' 
^ark  phatocras>^  ^  coii^rehensive  experimental  investigations,'  Ihe  method 
of  i^tantaneous  X^ray  photography  is  partLoulerly  fruitful  for  investi^atiQS 
the  phenomenon  of  ousulation  in  the  presence  of  a  metallio  lininj^' 

The  process  has  been  studied  in  “ttie  most  det^  on  oharges  eitii  hesd* 
^herleal  and  conical  reoess  linings.  Ib  sum  up  these  investlgationa^'  it  vras 
established  that  a  metallio  llning,Under  ‘ttie  action  of  the  explosion  prodaote^ 
is  squeeaedf  as  a  result  of  ehioh  its  seotions  are  ".slrioned  toge-thecr*/  the 
foznatlon  of  a  fine  metallio  jet«  idiloh  possesses  a  high  velooliy,' 

2he  overall  ploture  of  the  prooess  of  deformation  of  the  metallio 
and  the  formation  of  a  ouaulatife  Jet  is  shoim  in  the  im  series  of  X^^rsy  photo-i 
graphs  (Flgs«164  &  165).  Ibey  fix  the  prooess  of  scpeesing  of  the  mws 

the  motion  of  the  jet  eith  reapeot  to  time.’  On  prooesslng  tiie  es^erlmental  data 
it  mas  proved  that  the  amrlaua  velooitar  of  radial  deformation  of  a  steel  oona 
with  a  moll  thldoieas  of  1  ~  2niBy  depending  on  the  type  of  e^^losive  oharge/ 
amounts  to  1000  -  2500  a/sec.  As  a  result  of  such  r^li  oonpression  «  the  Hrring 
is  trsnsformed  into  a  ooi^aot  monollthie  mass  -  a  pestle  (W-a-ieg),  giving  rise 
initially  to  the  formation  and  subsequent  development  of  the  oumulatlve  jet. 

As  a  result  of  the  oospresslon  of  each  seotion  of  the  lining^'  its  thiokness  Is 
increased;  but  the  energy  is  mainly  eonoentrated  in  its  outer  layer.-  'Ehe  jet  is 
formed  erolusively  on  account  of  the  stream  of  metal  adjacent  to  the  irn-yr 
surface  of  the  lining;  •which  appears  as  a  eonsequenoe  of  the  rapid 
of  its  sootiona  at  the  instant  of  "slamming  together". 


Formation  of  a  oumulatiTe  jet  1ey  ooa^resslon  of  a 
hemlsQaherloal  lining  ;  a  •»  charge  prior  to  explosion,' 
'b  -  charge  6  nseo  after  explosion,'  o  ~  after  8  oseo,' 
£  -  after  12  mseo,'  e  -  after  24  nseo,' 


Formation  of  a  ouaulatiTe  jet  1:^  coi^'^fisslozi  of  a  conical 
lining  :  -a'  -  prior  to  eaqoloaion,  1)  »  oharga  6  msec  after 
e:^losion,‘  o  -  jifter  12  msec,'  4  -  after  15  Bisec^ 
e  -  aftor  17  msec.'  f  -  after  24  msec.- 


!Ehe  nass  of  metal  transformed  into  the  cumulative  jet^  amounts  on  the  average 
to  6  -  USi  of  the  mass  of  the  1  uiinc. 

Confirmation  of  the  fact  that  the  ousu- 
lative  jet  is  associated  with  the  stream 
of  meti  in  addition  to  the  results 
£iven>  is  afforded  Vy  the  foUovTlnc  data.' 

If  a  layer  of  copper/  with  a  'ihioleaeas  of. 

OtOSnrn,'  he  di^sited  on  the  ixiside  surface 
of  a  steel  cone  lay  means  of  galynniai^/ 
then  no  trace  of  oopper  can  he  found  at  all 
in  the  pestle.'  If/  however/  the  layer  of 
oopper  t»  deposited  on  the  outer  surface  of 
oxide  are  discovered  in  the  pestle.  On  inspeoilon  of  the  pestle^  a  narrow 
channel  oan  he  found  alonfi  its  axis/  the  prosenoe  of  which  is  .em  indloation  - 
that  the  inner  layers  of  metal  have  a  sharp  inorease  in  ■welooi'ly  in  relation  to 
the  outer  layers.  Zhe  results  of  xaetallocraphlo  aTfftnrfw.4rir»T^a  of  pestles  in 
seotlons  at  different  dt.atanees  from  the  axis  also  afford  Information 
the  nature  of  'the  deformation  of  a  wtalUo  an»<r<£  proeess  of  its 

ooi^easioB. 

The  orientation  and  stretohlag  of  the  struotural  oonstituents  oan  easily 
he  seen  in  all  the  aiorostruoture  photographs  (W.&i67)/'  in  the  axial  direotioa.' 

The  orientation  and  stretohlng  are  inoreased  according  to  the  extent  of 
the  proximity  of  the  re^aotive  layers  to  the  axis. 

The  forma-bion  and  motion  of  a  cuBula-ti'ro  jot  can  he  divided  in'to  tvro 
stages.  The  ph  ysical  and  mechanical  oharaotoristlos  of  -the  metal  of  the 
have  a  considorahle  laflwonoo  on  these  stageai.! 


ligure  166.  PoB-tie, 


the  cone/  -thesi  streaks  of  copper 


First  Stane.  Ihe  first  stage  characterizes  ihe  formation  of  Ihe  jot 
in  the  process  of  compression  of  ■tixo  lining  IXiriag  this  period,  the  pestle 
and  the  jet  comprise  a  single  struottire( see  Figs,  164  &  165);  however,  their 
notion  is  acooBplished  with  different  velocities, 

PiPMre  167,  l£Loropbotograph8  of  'Uiin  sections  of  &e  pestle  (hrass) 


Ihe  pestle  laovea  relat3.vely  slowlyCwith  a  velocity  of  500  -  1000  n/seo)» 
Ihe  jet,'  on.  the  other  hand,  has  an  eoctremely  hleh  velocity  of  forward  motion. 
However,  this  velocity  is  different  in  different  parts  along  th,e  jot;  the 
leading  portion  of  the.  Jet  has  the  maxiirum  velooity,  and  the  velooity  of  the 
tall  section  is  close  to  the  velooity  of  the  pestle.  Depending  on  the  shape 
ond  nature  of  the  lining  metal,'  the  properties  of  the  explosive  charge  and 
other  factors,  the  velooity  of  the  leading  portion  of  the  Jet  suy  vazy  within 
wide  limits,  ?or  an  alundnlua  lining  of  hyperljolio  shape,  the  velooity  of 
leading  portion  attains,'  for  exaople,  d^rozLnately  11,000  ay^seo, 

Pigure  16a,  Motion  of  a  eusulative  Jet  before  and  after  piercing 

armour  plate. 


Some  data  on  the  velocity  of  ^he  leading  part  of  a  omoilatlve  Jet  are 
presented  in  Table  105, 

The  Cumulative  ohargas  are  prepared,'  in  all  cases,  from  a  mixture  of  trotyl 
and  hexogen  (D  sr76b0  s/seo). 

The  velocity  gradients  along  a  cumulative  Jot  were  established  by  direct 
experiment,  namely  ijy  means  of  mirror  scanning  using  a  method  of  step-by-step 


"chopping"  of  flifferenta  aactiona  of  the  jet  with  oTsstaoles  different 
tliiokness  (Pigil68)«  Olhis  method  was  first  developed  and  i’*"  in  1946  Tsy  BAUM 
and  SEIBKHZSB,  Suhseguently  it  attained  vdde  application  for  investigating  the 
process  of  cumulation. 

Table  IQS 

Dependence  of  the  velocity  of  the  leading  portion  of  a 
cuBulative  jet  on  oertain  factors. 
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Second  Stage.  airing  a  oertain  interval  of  time  after  compression  of 
the  lining,'  the  jet,'  because  of  the  presence  of  velocity  gradients,  breaks  away 
from  -the  pestle(lig,169).  It  can  be  assumed  ihat  the  nwHyiiTa  effective  action 
of  a  ouittilative  charge  is  achieved  in  the  case  when  the  jet  is  severed,  subse¬ 
quent  to  the  supply  of  metal  to  it  from  the  pestle  being  discontinued,  which 
prior  to  a  definite  instant  of  time,  represents  a  unique  reservoir, maintaining 
the  supply  for  the  jet.  This  may  take  place  iq?  to  ■the  time  >dien  the  inertial 


^^7  0^ 


foroes',  mx&er  "tiie  action  of  Tillich  the  flow  of  metal  takes  place,  will  no  longer 
Tjo  in  equilibrixun  with  the  cohesive  forces  "between  the  metallio  particles. 

IVom  this  point  of  view,  a  high  plasticity  of  the  material  is  a  decisive  factor. 
Figure  169  Breakaway  of  the  del:  tram  the  pestle. 


Ibis  factor  Is  of  particularly  In^rtant  significance  for  the  nonoal  process  of 
oon^ression  of  the  lining.  In  the  process  of  deformation,  x)o  ’  frangible  breakdown 
of  the  lining  should  ooour,"  since  if  the  contrary  is  the  case,"  the  transfer 
ooeffloient  of  metal  into  the  dot  is  sharply  reduced,  and  its  armouz^ieroiz^ 
action  la  oorreapondlngly  reduced.  Figure  170  shows  linings  in  various  stages 
of  deformation,"  prepared  from  low^carbon  end  tempered  steels. 

Fi/aire  170.  Cospresslon  of  linings  of  (a)  soft  and  (b)  tempered  steel. 


It  con  'bo  seen  from  tho  figuro,  that  compression  of  ttie  first  three  ^edmons 
is  not  accompanied  'by  brittle  fTaoturo  (Fijjure  170  A  ) ;  the  lining  made  from 
teD5)ered  steel  is  shattered  as  a  result  of  compression  (Pig,  170  b  ),' 

It  is  obvious  tiiat  tiio  ooniJitioi*.o  for  bi'ccl:av;jy  of  tlio  jot  from  the  pestle 
are  determined  by  tiie  velocity  gradient  and  the  piysicc^meohanioisl  characterise 
tics  of  the  metal  fTom  vhioh  tiie  Unlnj  is  made,''  and  upon  vMch  d^ends  the  maxi¬ 
mum  elongation  of  the  Je'U'  On  the  Isasis  of  uhat  has  been  stated^'  it  may  be  conr^ 
eluded  that  the  mast  effective  action  of  a  eusulative  ;)et  may  be  ensured  oSiIy 
'by  a  definite  oosibinatlon  of  the  physloo^meohanloal  properties  of  the  1^Tl^Tlg 
metal.'  For  thls^'  it  should  be  borne  in  mind  "iULt  the  properties  of  a  metal  under 
conditions  of  rapid  deformation  may  differ  considerably  fTon  its  propertieB 
defined  for  normal  deformation  volooities.  For  exomploi’  oact  Iron^  ublcb  is 
brittle  under  normal  conditions V  'behaves  os  a  metal  idth  a  relatively  hldjh  plas- 
tlolty  as  a  result  of  the  explosion  of  a  cumulative  charge. 

As  a  result  of  investigations  oarried  out  by  BADU  and  SKIX6S07^‘  the 
foUoTiing  iKus  established* 

She  conditions  of  formation  of  a  ouioilative  Jet  are  determined  by  the 
microstruoture  of  the  lining  metal  and  the  ability  of  its  stxuotural  constituents 
towards  plastio  deformation. 

However,'  the  plaatioily  of  a  metal  under  ooapression  conditions^'  brought 
about  by  the  action  of  an  erplosicni'  A*  not  determined  solely  by  its  "nnrpl 
eharncterlstios,  SSie  relatton«hip  between  the  ability  of  Hm  metal  towards 
rapid  oonpreaslon  and  the  type  of  crystal  lattioe  should  be  mentioned,'  Iho  best 
ooiqprossion  is  observed  with  linings  of  metal  witii  a  oubio  lattice  (Al,'  Fe,''  0u){ 
the  worst  compression  is  observed  Tsith  metals  having  a  hexagonal  lattioo(C4i  Co,' 
He),  The  best  armour  piercing  effect  is  attained  for  linings  of  copper  and  iron,' 


^7y 


By  oatohins  a  cuimlative  jet  In  certain  loose  meflia  followed  "by  metallo- 


graphio  analysis,  it  has  "been  established 
Pifnire  171»  Photo-aoan  of  the  motion  of 
the  leading  portion  of  a.  eurai~ 
lative  ^oti 


that  in  the  process  of  fonnation  of 
a  jet,’  raeltina  of  the  metal  does 
not  occur.  Howeveri'  the  tengperature 
of  the  jot  may  exceed  900  -  1000°0. 

Itotion  of  the  jet  in  air  is 
acoon^anled  Tsy  eonsiderahle  oxldatioa 
of  the  netaiy  which  is  associated 
with  the  elevated  tea::^erattire  of 
of  the  surface  layers,'  bieoause  of 
air  friction.  As  a  result  of  this,' 
Intense  lundnesoenoe  of  the  cuiiu'^.ah 
tlvo  jet  is  o'bserved,’  esgseoially ’.in 
the  case  when  the  lining  is  made' 
duralumin  or  aluminiuiibi  Ihis 


permits  the  motion  of  the  jet  to  T>e 
i^tographed  in  its  otbi  light,’  with 

the  aid  of  photo-aoans,  ,'md  to  datennlae  from  the  fhotographs  the  velocity  of 
its  motion,  A  -typioal  photohsoan  of  the  motion  of  a  jet  is  shown  in  Pigure  i/i. 


A  cumulative  jet  maintains  its  monoUthio  pr^p&rty  only  in  the  first  stages 
of  its  motion.  Before  long;  under  ■Ora  Influeonoe  of  the  valoolty  gradients,'  its 
diversion  into  partLcles  takes  place,  Ihe  initial  stage  of  destcuotioa  of  a  jet 
is  shown  in  Pig,  172,  which  is  a  photograph  oTitained  tty  an  exposure  of  about 
10“®  sec  OMs  e^swre  was  achieved  by  means  of  an  eleotro-opttoal  shutter,' 
based  on  the  Kerr  effeo,t.  Ihe  e^ipment  for  the  eleot^tical  shutter  was 
devised  ly  B.A.r7AW0V,  3he  formation  of  a  ’‘nock"  can  be  dearly  distinguished  in 


the  photograph,,  along  which  hraataip  of  the  jot  takes  place  into  infliviflual 
partioloa, 

Fip«re  172.  l^ark-2>l»tosraph  of  a  dispersing  cuinulative  jet(45  aseo 

after  oomnenoement  of  the  o3^1osion).< 


She  uas  of  this  nethodi  coabiaed  nith  niorosecoxiO-  X»ray  photoffraphy,' 
enailea  a  oomplete  picture  to  "be  rooonatruoted  of  liie  ejfplosioa  of  a  cunulattve 
charge  ia  the  presence  of  a  netallio  cuamlative  reoosa  (sy.s,175)« 

?lfltr_e  178,  Explosion  of  a  eusulative  charge  (diagraisnatio) 
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Ihe  pliysical  concepts  developed  above  concerning  th«)  phenomenon  of  ouim- 
lation  in  the  presence  of  a.  lining  have  served  as  the  "basis  for  an  analytiool 
interpretation  of  this  phenomenon.  Por  this,  the  classical  theory  of  convergent 
jets  has  been  used  to  advantage. 

Cr.I.FOKBCTSICEI  first  used  this  theory  to  describe  the  process  of  ounulation 
in  the  presence  of  a  conical  lining.'  The  assumption  is  made  in  the  theory  that 
as  a  result  of  compression  of  the  lining,*  the  elastic  and  viscous  forces  can  be 
selected  in  comparison  'With  the  inertial  forces,"  under  the  action  of  which  oomi^ 
pression  of  the  lining  takes  place.  The  Justification  for  this  assumption  is  suls^ 
stantiated  in  the  work  of  i^^.A.LA'VHSNT'2Q^7,‘  creator  of  the  hydroi^ynemdo  '&oozy 
of  cunulation.  Prom  consideration  of  this  case,"  the  metal  of  the  lining,'  on  com¬ 
pression,'  may  be  likened  to  an  ideal  inoompressilale  liquid. 

In  order  to  arrive  at  the  results  of  this  theory,"  it  is  neoessaxy  to  eon^ 
sider  the  fundamental  ejects  of  'the  theory  of  convergent  Jets. 

67.  ELements  of  "fiie  Bieoiy  of  Convergent  Jets. 

"^e  shall  now  consider  the  laws  of  imotion  of  an  inoompressible  ll(|uld,"  as  a 
result  of  the  convergence  of  two  identioal  plane  Jets  (i,e,  we  ahnli  «v«n«i  a 
two-dimensional  problem), 

Pifiure  174.  Collision  of  Jets.  Xt  is  'well-known^*  that  as  a  result  of  the 

convergence  of  two  identioal  Jots  (identical 
in  'velocity  and  deli'very)  throu^  a  certain 
an^e  (2a)  ,"  two  Jets  are  again  formodj" 
the  ligjmld  in  ^ihioh  moves  to  opposl't®  sides," 
in  the  dir'ection  of  'ib.e  bisector  of  the 
»>*•  of  oa»»rsoio,C(lle.l74)..  A,  . 


4'77 


of  this,'  as  foUovTs  from  the  Laxr  of  Conservation  of  Mass,'  Momentum  and  Sner^, 
the  velooitios  of  the  dLverginc  Jets  are  equal  to  each  other-with  respect  to 
macni.tuds,  Init  opposite  in  sign  and  equal  to  the  velocities  of  the  original 
ootwerging  Jets.  She  masses  of  14.q^ld  moving  in  the  diverging  Jets  are’  different^ 
In  the  Jet,  in  tihloh  the  direction  of  notion  of  the  liquid  coincides  vilth  the 
projection  onto  the  -x.;-  axis  of  the  direction  of  motion  of  the  initial  Jets,' 
the  mass  of  liquid  is  greater  than  in  the  Jet  oppositely  directed.'  7e  «Vn>n 
now  prove  the  validity  of  these  statements.' 

It  is  olivious  that  the  problem  Iteing  considered  is  analegous  to  the 
prohlen  of  divergent  Jet:  ooUiding  throuj^  an  angle '  a  vlth  an  ideal  solid 
surface,  ooincidlng  vlth  the  plane  xOz.  , 

Suppose  the  supply  of  liq^uid  per  second  in  the  ispaotdng  Jet  he  mod’  lot 
the  velocity  of  the  liquid  in  ttie  Jet  he  uo-  Sdnotdng  the  Jets  diverging  to 
rli^t  and  left,"  similarly,' l^r  ■  mi,  m'a.  'ui,  tit  (supplies  and  velocities) ; 
we  arrive/  on  the  hsisis  of  the  Ztaws  of  Oonservation  of  llasw/  Snergy,' 


at  the  following  relationships  : 


/«i  +  mj  =  nio,  —  m,a,  +  mj«j  =  ;«o«o» 

miUi  H-mjajss  — mo«(,cos«, 

I  ^8  ^  Wq 

2  ’ 


Hence/  it  follows  that 


(67.1) 

(67.2) 

(67.  S) 


—  Ui=Uo’=Ut, 

mi  1  —  cos  a  , 

— '  =  — —  =  Sin* 


(67.4) 

(67.5) 

(67.6) 


It  is  assumed  here  that  the  original  Jet  flows  from  rdLght  to  left  and 


flom  above  to  helow; 


Since  the  density  of  the  liqjiid  remains  unelTOiigod,  then  the  masses  oon  ha 


substituted  by  the  oroaa-saotion  of  the  jet  ;  as  a  result  of  this, 

j-  =  sin  cos  2>  , 

where  Jo,  Ji  and  4j  are  the  cross- seotional  dimensions  of  the  original  and  diver¬ 
gent  jets  .  (ff*  *=  P®  I  “  1  ,  where  p  ia  the  density  of  the  liquid) . 


Suppose  now  that  the  point  of 
iiitersection  of  the  jet  with  the  plane 
xOz  is  moving  along  tlie  l  x  •  axis  in  the 
positive  dlreotion(to  the  right)with  a 
oertain  velooity '  m,  ,  than  the  velocity 
of  the  jet,  diverging  to  the  right 
(jet  I)  and  to  the  left  -H)*  will 
be 

oi,  a=>  «, -f- ttl,  1 

ffli**  i  •  (^7.7) 


Figure  175.  Collision  of  jot(polnt 
of  interrection  of  the  jot  v/ith  ■ ' 
the  plana  is.  moving  along  the  piano) 


Hero-  and  in  future  Ht<0-  In  this 

case,  in  the  system  of  coordinates  in  which  the  point  of  intersection  is  statioary, 
the  resultljig  velocity  w«  and  the  direction  (angle  )  of  motion  of  the  original 
jet  are  deteznined  fZxim  the  relationship  (Fig«175) 


Wo  =»  «fl  -f-  w*  —  2«oW  cos  «, 
w 


sin  p : 


Wq 


sin  a, 


(67.8) 

(67.9) 


In  this  ayatem  of  coordinates  ,  the  motion  of  the  plgno  stream  is  observed, 
having  a  finite  thlctaesa  through  the  front  and  intersecting  the  plane  xdz 
through  a  oertain  ajiglo  7==  180°  — .(a '-f:  3), 

If  -the  velooity  of  the  liquid- wo  and  the  angle  p  between  tlie  direction  of 
motion  and  the  front  of  the  stream,  moving  towards-  the  plaiie  xQz  ,  and  also  the 
angle  a ,,  are  given,  then  it  is  always  possible  to  transfer  to  the  system  of 


coordinates  in  which  the  point  of  intersection  of  the  jd-ane  vdth  the  front  of 
the  liquid  remains  stationary. 

It  is  of  interest  to  consider  tJirea  cases  of  motion  of  the  liqiAid.’ 

1.  Let  the  angle  J  (direotion  of  motion  of  the  liquid,  perpendicular 
to  its  front). 


Then, 

w^=wsina  =  Yw*  —  ul 


Hence  wa  ohtadn 

*  •  ' 

Un  14^  COS  4 

®'=-c'5rr>  a'i  =  -«o-H5rr- 

Taking  into  account  relationship  (67,7),  vie  find. 


(67.10) 


or 


Wi  =  Wa 


1  -f-  CO>  a 
tin  a 


Wj  =  —  «0 


1  —  cot  a 

COS  a  ' 


1  ~  cot  a  ,  a 


(67.11) 

(67.12) 


2,  Let  the  angle 
dicular  to  the  axi8) 
Then 


““  ■j  (direotion  of  motion  of  the  liquid  paipen- 


Wq  =  w\w  =  • 


(67.15) 


Henoe, 

or 

w-==«(,cos«,  Wo=— «osino,  Wi=s  — «o(l +C0S  a) 

*  ®  sin  a  a  ’ 

Ian 

(67.14) 

....  1  —  COS «  a 

®'*  “  tin  a.  “  ^oung-. 

(67.15) 

5.  Let 

B»a  ai  0  ,  which  oorrosponds  to  the  plane  of  the  retarded 

Jet  II. 

Then,  firom  the  conditions  of  (67*7),  (67.8)  and  (67,9)  wo  obtain  : 

—  «o  — O',  Wo=  — «oK2(l  '—cos  a)  —  —  Mosin*-j, 

(67.16) 

®i==  — 2tfo=-^, 

sin-g- 

(67.17) 

sin  P  =  —  sin  =  COS  y, 

(67.18) 

whence 


(67.19) 

toelysis  of  these  simple  relationships  show, that  on  intersection  vath 
the  stream  of  tho'  plane  xOz ,  redistribution  of  the  mass  and  enersy  ofthe  original 
stream  takes  place,  beteaen  tho  two  streams  formed.  As.  a  result  of  tliis,  Jet  1, 
moving  to  -the  right,  has  small  mass  but  large  ei^ergy,  and.  Jot  II,  on  the  contrary, 
has  a  large  mass  but  small  energy. 

jj'or  given  velocity  •  o'o. and  angles  "»■  and  P  ,  uo  ,  w  ,  Wi  end iuj  are  dete3>- 
mined  In.  the  general  ease  frcm  -the  relationships 


*  0  sin  a 


V) 


Bln  B 

“’"iisi* 

slnp  +  sln(tt  +  P) 

®  tin  a  ' 


(67.20) 


The  length  of  eaoh  Jet,  obviouslj’,  is  equal  to  tho  length  of  the  original 
Jet.  This  follows  from  tho  fact  that  in  tho  stationary  system  of  coordinates  the 
velooitioa,  and . consequently  tho  lengths  of  all  the  Jots  are  identical.  The  mass 
to  energy  ratio  of  those  streams,  as  shown  by  relationships  (67.6),  (67,6)  and 

(67.20),  are  deteznlned  by  the  formulae 

(67.21) 

^  CT|g>j  _ r  a  Bln  p  +  sin  (»  +  P)  U 

miw\  Bln  p  —  Bln  (a  +  P)  J  ■  (67.22) 

Hence  it  follows,  tliat  for' 

!>»• 


V/hen  9=^  ^-2^  owa^O'  (Pig.176),  the  entire  energy  transfers  to  Jet  I 

and,  consequently,  the  energy  density  in  it,  in  oonparison  with  that  originally, 
increases  considerably.  Sinoo  the-  energy  density  calculated  per  unit  mass  is  “jj-- 


rs/ 


than 


^  ^  _i _ 

*®o  sin*  “  ^67*25) 

For  :  liquiii  in  jet  II  will  move  to  the  right;  for 

r 

■  it  will  move  to  the  left;  oonaeq.uontly,  the  energy  density  in  jet  I 

is  reduced  in  comparison  ^7ith  the 
value  as-  determinod  hy  relationship 
(67.23). 

Y/hen  the  lenifth  of  the  origliuil. 
jet  in  the  stationary  system  of  co- 
0  rdinates,  or  the  length  of  the 
a-treem  front  in  a  system  of  coordi~ 
nates  in  which  tlw  point  of  inter¬ 
section  of  the  jet  and  the  plane  xOz,' 
is  staticrsry,  is  small,  its  leading 
portion  will  not  he  de«orlhed  hy  the 
relationships  given  ahove,  since  the 
llq.uld  in  this  portion  will  have  a  non^ stationary  motion,  being  subject  to  a  more 
complex  law.  The  consideration  of  the  effect  of  too  non-identioal  jets  oolliding 
through  a  certain  angle  Is  somev^t  more  ocnplex  than  for  Identioal  jots.  Vis  shall 
not  study  this  problem,  sinoe  the  primary  interest  in  the  phenomenon  of  ounmlatiQn 
has  already  been  presented  in  the  problem  being  considered. 

Collision  of  jets,  taking  into  acoount  the  compresBibility  of  the  medium, 
can  be  studied  for  relatively  alow  plane  motions;.  The  basic  equations  for  this 
can  be  -writtan  in  the  same  form  as  for  an  Inoonpressible  medium.  This  is  essenti¬ 
ally,  that  for  Bupersonio  jots  as  a  result  of  iitpact  and  eHvergenoe  of  the  jet, in 
the  plane  xOz',  one  or  several  oblique  compression  dlsoontinuities  are  fomed. 

This  leads  to  an  inorease  in  the  entropy  of  the  medium,  and  ocnsequently,  as  a 


Figure  176  Collision  of  jets. Case  of 
formation  of  a  single  jot  after 
collision  • 


reaiat  of  its  expansion  to  its-  initial(atmo3pheric)  pressure,  it  leaf'  ■■  .so  to 
the  fact  that  its  density  will  be  lass  than  the  original  for  the  gas,  but  the 
temperature  will  be  higher.  As  a  result  of  expansion  of  the  liquid  jets,  phe¬ 
nomena  may  take  plane  wliioh  are  sinilleJ?  to  the  phenomenon  of  cavitation,  i.e- 
diaruption  of  the  jet  may  occur. 

^68.  Elements  of  the  Theory  of  Cumulation  in  aresenoe  of 
a  Hetallio  Lining. 

The  theory  of  the  cumulative  effect  in  the  presence  of  a  metallic  lining 
has  been  most  fully  developed  for  charges  with  a  conioally  shaped  recess. 

JI.A.LAVIi]iI'a''EV  hgS  considered  in  detail  the  following  problem  i  the 
sections  of  a  conical  lining  vdth  constant  wall  thickness  instantaneously 
aoq.ulre  a  velocity  which  is  normal  to  that  forming  it.  The  ocagaression  velocity 
is  constant  alohg  the  cons  generatrix  SMs  statement  of  the  problem  can  be 
boiled  down  to  a  consideration  Of  the  problem  of  oollision  of  Jets  for  an 
axi-sysnetrloai:  steady  stream  of  an  ideal  liqpld.  Figure  177  allows  a  oross- 
seotlon  of  subh  a  stream,  obtedned  by  approximation  methods. 

Figure  177.  Convergenoe  of  Jets  (steady  stream  of  an  ideal  liqjoid). 

C—  original  Jet,  A  and  B  -  diverging  Jets. 
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At  tho  origin  of  tiie  coordinates,  tb.e  velocHy  of  the  stream  is  equal 
to  zero.  For  —  'the  stream  In  t.  cylindrical  jet  ■with  radius  ri  and. 
veloci-ty  —  «o..*  For the  streai.  is  a  <^lindrioal  Jet  with  radius  m  and 
Telocity  uo  .  Xhe  seotioss  at  the  'borders  of  the  "'shroud"  have  the  general 
asyn^tote 


y  aai  Xliui  tt  -f-  £J, 


(68.1) 


•Bhereupon 

(68.2) 

From  the  condition  that  at  the  free  surface  of  the  "shroud"  the  stream 
velocity  is  equal  to  .  uo  ,  the  supply  of  liquid  into  the  "shroud"  is  equal  to 

It  (rl  +  r\)  Uo  2ity  S«o,  (68.  S) 

s 

where  I  is  the  thlolmess  of  the  "shroud". 

Henooi  It  is  not  difficult  to  find  an  approximate  expression  for  '&e 
thiolcaaas  of  the  "shroud"  ^  in  terms  of  the  ooordinate-  ^  and  the  radii  of  the 


Jets  ro  V|;  • 


t  =  - 


(68.4) 


Forsula  (68.4)  is  accurate  for  u-*-<x>> 

In  order  to  calculate  the  parameters  of  a  cumulative  Jet,'  we  shall  oon^ 
sider  the  motion  of  the  liquid  as  a  result  of  collision  of  tho  Jots  in  the 

system  of  coordinates  moving  vaifomly  to  the  right  with  a  velocity 

'  = 

®  cos  a 

\  =  X  —  Vot. 

'  In  the  new  system  of  coordinates  y  ,'  the  conical  shroud  C  will  have 


a  velocity  wo,  orthogonal  for  x~*  oo  fco  the  asyaptotio  cone,  A,  whioh  is  formed,  and 


which  corresponds  to  the  case  'of  oompres'sioa  Tsoing  oonsiaered(the  sections  of 
the  erne  h.™  .  irelooilff  ronal  to  jo^tpix  )M  .  roavat  of  ttis. 


Wo  =5  Baton  a, 


the  velooi'ty  of  the  ouoiulatlv«  jet  is 


(68,5) 


(68.6) 


and  tile  velocity  of  the  shroud 


Wo  =  Woi^.  (68.7) 

It  is  not  difficult  to  see  that  relationships  (68.6)  and  (68*7)  are 
identical  vdth  the  oorrespondinf  relationships  for  the  jet  velodtieSy  olstained 
■fcy  oonsidorine  tiio  plane  prohlea  {p  =  '7)  »  As  a  result  of  this  and  arising 

tram  the  theoxy  of  ooUlsion  of  plane  jets,  tiie  length  of  tiie  ounulative  jet  la 
equal  to  tiie  length  of  the  cone  generatrix,  and  the  ' radius  of  the  jet  /'o  =  const. 

In  aetual  cumlative  eshargea,  the  volocliy  of  cor^reasion  of  the  lining  is 
not  oonatant,'  since  the  Impulse  inparted  to  tiie  ItrAng  Toy  eiploslon  of  the  charge, 
is  also  not  constant  along  the  line  of  its  fozmtion,  which  leads  to  the  appear¬ 
ance  of  velocity  gradients  along  the  ouaulative  jet  and  to  its  disruption.  More¬ 
over,  as  a  result  of  oonpresslon  of  the  sections  of  the  lining  and  tiie  fozmtion 
fron  tiiem  of  the  ooiresponding  sections  of  the  jet,‘  there  occurs  a  change  In  the 
an^e  ai, 

JjAVREMT’IEV  calculated  the  parameters  of  the  cumulative  jet  for  charges 
with  a  oonioally  shaped  recess  and  close  to  oonioal,'  taking  into  account  these 
factors.' 

We  shall  now  derive  the  solution  of  this  prohlen  for  the  particular  case 
of  a  conical  recess  with  constant  lining  thiokneaa, 

we  consider  tiie  motion  of  an  element  of  the  cone  having  the  ahoissa  x  at 
a  spooified  instant  of  time  t  (Fig,178). 


In  this  case 


y  maxima. 


(68.8) 


We  deiute 


«  =  2Sy  =  28Arta»a.  (63.9) 

la  addition^'  aaauraina  a  linear  law  for  the  aistrlbution  jf  impulap  along 
oone  generatrix*  mb  o'btaia  for  the  velocity  of  oonrpressioa  of  the  liniiig 

—*>:).  (68.10) 

Ihe  length  of  the  aonaal  hetTreea  the  element  A  of  the  and  the 

axis  is  equal  to  n  — — 


COS  01 


Zhe  element  under  consideration*  with  aboissa  x  at  the  instant  of 
^i.><  forma  an  element  of  the  jet  at  the  point  with  aboissa  *0.  equal  to 

Xc  =  x-\-yUaa;  (68.11)  lUgwre  178.  Motion  of  the  elements  of 

a  oonical  lining^' 


It  is  obvious  that 

.  (68.12) 

In  virtue  of  the  non- 
constant  velocity  w,  after  a 
time  U—f  •»  the  element  is 
turned  at  an  an^e,  da, ,  so  that 

— iB-  (60.  w) 

Benoe*  assuming  that 

a  =a+Aa  (68.14) 

and  using  relationships  (66.6)  and  (63.10);  we  obtain  for  the  velooity  of  the 
element  of  the  jet* 

Ihe  an£p.e 

Sr=:«+Aa=i±*^, 

1'-*^  (68.16) 

In  acoordanoo  with  foimula  (68,4);  we  have  for  the  radius  of  the  jet 

(ae.ar) 

l  +  *o»’y  ' 


•which,'  af'ter  simple  ■ta:’ansformationa  sLvas 

V8x(iara  — sin«J,  (68,18) 

T^ere  .r  ia  distanoe  from  the  Ittadihg  portion  of  the  je’fc. 

In  ■tiie  proposed  thTOiy,'  ■the  relationship  has  not  'oeea  ostaTsliahed  for  -dho 
•Tolooi-iy  of  con^resaion  of  a  cuiailati've  lining  as  a  function  of  the  perane'ter.s 
of  'the  e^^losive  ohorge*  {7i‘^)out  •ttils  relationship,'  it  is  inposaible  to  determine 
numerloalljr  the  'value  of  -the- ‘basio  parame-tors  of  tlio  ouaaulativo  jo't,'  la  addition, 
in  LAVHSMT*IEV*s  "theoty,  •the  stronstli  oharaotoriatioa  of  "the  ne-fcal  of  the  lining," 
Trfvloh  in  a  number  of  oases  may  have  an  offaot  on  'the  condition  of  formation  of 
the  ouimlatl've  ^ot, 

ITe  shall  disouaa  the  method  for  determining  theoretically  'the  parame'tera 
of  a  cumulative  Jet,  taking  into  aooount  the  xoass  and  energy  of  the  aotlve 
portion  of  a  ououlative  charge*  Shis  method  has  heen  ^veloped  “by  BADM  and 
SIAHYUKOVlCHi"  who  have  also  ooasidered  the  problem  of  the  limiting  conditions 
of  fozmation  of  a  eunulati've  Jet  as  a  function  of  the  strength  oharaoterlstics 
of  the  lining  metal. 

We  shall  consider  first  of  all  the  notion  of  -the  easing  as  a  whole 
(the  notion  of  the  centre  of  jyavlty  of  the  casing)  as  a  result  of  the  action 
on  it  of  the  dl^ersing  detonation  products,"  without  taking  into  account  its . 
coapression,  Ohis  prohlen  is  easily  solved  on  the  basis  of  the  general  theory 
of  a  body  projected  by  the  atotonation  products. 


The  equation  of  Conservation  of  Energy  for  one-dinensional,'  uat-dlreetional 
disoharge  of  the  detonation  products  in  a  hypothetioal  instantaneous  detonation 
with  synchronous  projootlon  of  any  body  of  mass  M-aa  a  result  of  total  expaiv- 


Sion  of  the  ejqjloslon  products,"  oon  be  written  down  in  the  form 

Mai,  ,  y 

0 


(68,19) 


--rgy 


Here  «»»  is  -the  limitinc  velooily  of  the  projectile,  j  is  the  crose-aeotLonal 
area  of  the  boi3y,  m  is  the  moss  of  the  ejiplosion  products. 

Fxpression  (68.19)  is  easily  obtained,'  if  it  Tie  assuffled  that  the  energy 
remaining  in  the  detonation  products  is  equal  to 


0 

vhere  dm  =  sp  dx. 

As  the  thfloxy  of  one«>disiensional  discharge  of  the  detonation  products 
sho\rs,‘  for  total  ei^ansion  of  the  explosion  products,'  i*ew'  'vhen  p  =  pt  i  nhere 
p.  is  the  atmo^erio  pressure,' 


X 

«=7' 


SB-/ 


(68.20) 


UK 

6 


therefore, 

1  /*  ,  .  m  P  x*dx 

•ij  “  —  IT  y  u„l> 

0  0 

henoei'  taking  into  account  that  for  an  iseatxppy  index  of  JI  “3  .  QJ, 

we  obtain  fhom  equation  (68«  19) 


(68.21) 


+  ■  (6a,-22) 

This  is  the  limiting  veloolty  of  the  projeotile  and  of  the  e:/plosion  products 
at  the  Tioundary  with  the  projectile. 

Diversion  of  the  explosion  products,  as  we  know,'  does  not  occur  one- 
dimensionally,  but,'  'by  Introducing  the  concqot  of  mass  of  the  aoti-vio  portion 
of  the  charge  m  —  m^,  (see  para# 65),'  it  oan  be  assumed  that  the  e^^losion  pro¬ 
ducts  move  along  the  axis  of  the  charge,  Conaeqjiently,  in  fomulae  (68.19)  to 
(68.22),'  it  should  be  understood  that  m  is  the  active  mass,'  mt  ,  of  the  charge. 
Strictly  q>eaking;  relationship  (68.19),  and  consequentOy  also  (68.  22)  are  valid 
for  .  the  oase  of  instantaneous  detonatioiv 


Sinoo  the  detonatoz*  is  iirseiTJod  ia  Hie  portion  of“  the  charge  opposite 
fVom  that  in  vAiich  is  located  the  cumulative  recess*  the  energy  density  for  an 
actual  detonation*  calculated  per  unit  mass  of  the  active  portion  of  the  charge* 
is  greater  than  Q«-  VTe  shall  denote  this  energy  density  V 

=  (68,23) 

■vihers  PI>  h  As  a  result  of  thia*  relationship  (68,22)  assuseg  Hie  form 


_ 


(68,24) 


We  shall  calculate  the  value  of  ^ 


She  energy  density  at  the  detonation  wave  front  for  i »  3  i  is  equal  to 


(68.26) 


Since 


J.  _  ^  _  PoiP* 

“i— T*  Pl=  4  * 

Qi=T=2Q.. 


(68.26) 


We  now  calculate  the  energy  density  for  that  portion  of  the  charge 
in  vhloh  (prior  to  dispersion).  It  is  o1»viaUB  that  in  this  ease 

„  Pu  Pi  D‘  .  2  o 

(68.27) 

sincefor  7  =  3  ,  .  =  andp*:=8p,. 

It  can  'be  assumed  vdth  sufficient  degree  of  accuracy  that 

Q  —  7(QiH-Qo)  =7  Q,.  (68,28) 

Qiere  is  no  point  in  oaleulating  the  distrl'bution  of  energy  of  the 
active  portion  of  the  charge  more  accurately,  alihougbj'  taaowing  its  configu¬ 
ration*  this  is  easily  done.  . 

It  is  ■well-knoun  from  the  theory  of  one-dimensional  diversion*  that 
a  mass  comprising  4/®  of  the  entire  charge  mass  goes  in  the  direction  of 


dispersion  of  the  active  portion  of  the  charge,'  the  energy  of  which  oocjprises 
16/27ths  of  the  entire  energy  of  the  charge,'  and.  in  the  opposite  direction 
there  goes  mass -and  ^/27ths  of  the  enercy,  ConsoquentLy,'  in  the 

first  case  the  energy  d.onsi1y  will  exceed  the  average  "by  a  factor  of  V^*  On 
the  basis  of  our  ooloulations,  vre  shall  take  =  i  henoe  we  finally 
obtain  the  relationship 

Die  centre  of  gravity  of  the  lining  will  nove  with  this  velocity,* 

« 

without  taking  into  account  its  eorjiresi^on.  For  an  actual  detonation,'  the 
average  density  of  the  esiplosion  products  of  the  aotLve  portion  of  the  charge 
P*  is  greater  then  the  orlj^Lnal  density  po  of  the  cusulatlve  oharge^-  Die 
value  of  P*  nay  be  assumed,  with  aiffioient  practioal  accuracy,  to  bo  equal  to 

+  (68,50) 

Relationahip  (68,50)  can  be  used  for  calculating  the  active  mass  m  ,  For  a 

a 

steel  conical  lining  of  a  76-00}  missile;  thicJojoss  2nm  for  A/rf«1.58  i,'  we  - 
obtain 

Af=130g  OT,=>-^p5«45  g. 

For  D  a  7600  a/ 390  (mixture  of  trotyl-hexogen),'  u„  a  1750  vt/ato, 

VTo  shall  now  csonsidor  tho  motion  of  the  casing  simultaneously  with  its 
coESjression.  In  order  to  calculate  the  basic  laws,  observed  as  a  result  of 
this,'  wo  shall  consider  the  following  sohemo. 

Suppose  that  detonation  takes  place  instantaneously,  A  plane  plate  of 
M  moves  under  tho  action  of  the  e^aadlng  detonation  produota.'  such  that 


its  lower  portion  slides  along  iiie  axis  of  syimnetry  179)»  It  is  obvious,' 
that  in  the  scheme  of  instantaneona  detonation,'  the  velocHjr  of  the  plate  will 
ho  normal  to  its  surface,'  i.e,  Mm==Wo,„„i  .  This  velooi-ty  corresponds  to  the 
nwirlmun  velocity  of  "  slaBmlng''  of  the  lining.  However,'  the  different  points  of 
the  plate(ltj3±ng)  will  aofeiallj'  have  a  different  volooiiy  of  motion  relative 
to  the  axis  of  syznnetry. 

This  is  e^^lained  lay  the  faot  that  the  distance  to  the  «ads  of  sjeonetzy 
for  different  elements  of  the  lining  will  ‘be  different,  since  any  body  does  not 
acquire  its  lisdtij^  velocity  instantaneously,  Isut  over  the  path  of  its  motion. 
Hbreover,*  the  angle  of 'inclination  ?iflure  179.  ^  Hbtion  of  a  plane  plate 
of  the  lining  to  the  axis  of  under  ,  the  action  of  detonation 

synnetzy  will  be  changed  (in^  produots. 

oreased)  during  the  process  of 
its  oospresslon.  Therefore,  the 
average  velocity  of  cnqpresaion 
of  the  lining  will  be 

y  isi'+T 

The  ooeffloient  ii  takes  into  account  the  unoon^lete  utiliaatibn  of  the 

energy  of  the  active  portion  of  the  charge  and  the  error  in  the  average 

increase  of  the  angle  of  Ixiolinatlon  of  the  lining  to  the  axis  as  a  result  of 

its  oos^reaslot}.  7e  shall  oonalder  thla  problem  in  more  detail  below,'  and  we 

shall  calculate  the  ooeffloient 
* 

Assuming  in  the  case  being  considered  that  the  direotLon  of  motion  of  the 
lining  is  perpendicular  to  its  generator  ,  we  obtain  finalOy,'  In 

the  solieme  for  an  ideal  liquid,  an  approximate  relationship  determining  the 

jTf/ 


OA\D 


I 


velopity  of  motion  of  too  Jet 

(68,52) 

As  wo  shall  see  l3elow>  ^  =  0.67  oacanple  Tseing  considered)  j 

therefore  tfi  7500  sy'seo,  which  is  close  to  too  oj^erioientally  established 
value. 

It  foUov/s  from  the  theory  toat  with  reduction  of  toe  angJo  of  flare  of 
the  oone>  toe  velocity  of  toe  Jet  should  he  increased,  Ihis  oorre^onds  wito 
experimental  data  (lahle  lOS), 

It  follows  also  from  equation  (68,52)j  toat  isy  ol^sarvlng  geometrical 
sindlariiy  in  relation  to  the  shape  of  toe  charge  and  of  toe  recess^  constancy 
of  the  ratio  —  and  approxdmately  equal  oonditiona(  quality  of  toe  esplosive* 
linir^  material)  >  the  velocity  of  toe  ousulative  Jet  should  he  independent  of 
the  diameter  of  toe  charge  and  of  toe  reoesa*  which  in  fact  is  observed  in 
eaperinent  (lahle  104), 

Table  104 

Effect  of  ^  on  toe  velooity  of  the  leading  portion 
of  a  cumulative  Jet, 

(Shape  of  recess  »  oonioal,'  angle  of  flare  35®) 


Lining  material 

Diameter  of 
charge  yssa 

Velocity  of  leading 
portion  of  Jet," 
a^seo 

Steel 

22 

7400 

« 

50 

7300 

42 

7400 

Euralumin 

22 

8800 

ft 

50 

8500 

n 

42 

8600 

We  shall  consider  (gislitaldaely  the  effect  of  the  oon^ressihllity  of 
the  metal  of  the  lining  azid  its  struotural  resistance  on  the  ooinpression  pro¬ 
cess  and  on  the  formation  of  the  cumulative  Jct» 

Since  the  height  and  thidsic-as  of  a  layer  of  the  active  portion  of  a 
charge  decrease  from  the  axis  to  the  hase  of  the  recess,'  then  the  velocity  of 
con^jressioa  also  falls  for  the  peripheral  portions  of  the  lining  as  compared  with 
the  inner  portions.  Since  only  the  pressiire,devolpped  as  a  result  of 
of  the  corresponding  portions  of  the  lining,'  falls  to  a  value  p  ^ 

to 


a  oertaiii  vtjue,'  ihe  process  of  Jet  fomiailor*  fiiiiohes,  Ac  a  re;  .It 

of  tli3s,  oon'e^onds  to  the  internal  prosaure,'  proportional  to  -tJie  cohesive 

forces. 

As  a  consequence  of  tlio  non-constancy  of  the  velooliy  of  cor^resslon  of 
tlie  different  sections  of  the  l±nin,g.‘  a  valooily  cllstriTsution  olao  melees  its 
appearance  along  the  cumulative  jet,'  so  that  the  leading  portion  of  the  jot 
attains  a  velocliy ^greater  than  that  of  the  rear  portion.'  She  substantial  velooliy 
gradients  lead  to  stretching  of  the  jet  and  its  'breakdovni  into  a  number  of 
separate  parts. 

« 

'He  shall  novir  undertake  oertain  oonsiderations  related  to  the  description 
of  the  phenomenon.  Qie  maxlnsua  pressure  resulting  from  the  inpaot  of  tno  identl- 
oal  bodies  is,'  as  is  irell-knoviH,'  independent  of  the  an£p.e  of  Inpacti  and  is 
described  by  the  relationship 


(68.33) 


■nhore  p.  and  p„  are  the  density  of  the  body  prior  to  impact  and  at  t!)a,  shook 
front(eomprosslon  wave)  resulting  from  their  inpact,'  «o  ■  is  the  inpact  velocity. 

Relationship  (68. 33)  is  a  particular  case  of  the  more  general  relation^ 
ship(see  para.  73). 

Applying  the  law  of  oonprossibility. 


(68.54) 


Px  can  be  eliminated  from  equations  (68.  33)  and  (68.34)  and  .  pi-<|>(p..  ul)  can  be 
determined. 


Since;  as  we  have  already  shovm,  uo  has  a  different  V7  ''.u«  for  every 


section  of  t)ie  lininG>  then  the  value  of  p,r,~ul  vd.ll  also  vary. 

If  we  an sums  that  the  active  moss  of  Li—  .^plosive,  arriving  at  each 
element  of  the'  lining,  depends  approximately  on  the  distance  r  of  a  given  ele¬ 
ment  ffom  the  axis  of  symmetry,  then 

/7/«r  =  /«.o(l  — (68.36) 
where  m  Is  radius  of  the  base  of  the  cumulative  recess,  m,o'  is  sa  element 
of  mass,  of  the  active  portion  of  the  charge  at  the  axis  of  symmetry,  *<  1. 

Then,  approximately 

Pxr  _ _  ^mr  _ r  _  j  ^ 

P,r<i  '".o'  fn  ■  (68.56) 

Here  p^„  ,  ,  Um-  pressure  and  velocity  at- the  axis  and  at  a 

distance  r  from  it.  Hence  it  follows  that  in  i'aot,  a  radius  r  =  oan  alvraya 

be  found  for  any  charge ,  for  v/hich  p„  »=  p,^  .  The  material  of  the  lining  elements 
for  ^>^1^  ,  having  been  oomprossod,  will  not  always  give  rise  to  a  cumulative 
jet. 

It  la  obvious  that  the  limiting  velocities  of  conipression  should  be  loss 
than  the  armoui^pioroing  velocity  of  the  jet. 

The  conditions  of  formation  oC  a  ouiiiulativo  jet  have  a  substantial  influence 
on  the  laws  governing  its  motion  and  tlie  effect  on  on  obstacle.  Vfe  note  that  for 
a  value  of  the  angle  *.  approaching,  the  cumulative  jet  will  not  alwaj/rj  be 

fomwd,  since  the  velocity  of  compres.sion  ,  proportional  to  cos  a,  is  smal,  ar 
the  oon^sressive  pressure  is  less  than  p^^-  In  view  of  the  fact  that  the  pret'sirre, 
developed  by  the  shocde  of  the  detonation  Wa’/o  around  tlie  lining, 

(68.37) 

increases  with  increase  of  the  angle  a  ,  the  lining  should  split  up  into  a  number 
of  frafjnents.  These  fra^nents,  dispersed  with  an  angle  ,  will  move 

directly  with  a  velocity 


(C8.58) 


»«,  =  MmSina|/  1 — 6  — =  0.41£)sino 

r  f  0 


\—6- 


''0 


M  ,  1 


A.  •  result  of.  this,  only  fraamenta  proceeding  from  the  central  portion 
of  the  lining  vdll.  have  a  substantial  velocity. 

Vfe  sliall  determine  approximately  the  optimuia  thickness  of  the  cumulative 
lining,  and  shall  carry  out  the  calculation  for  a  cone.  Let  the  length  of 
the  jet  be  e<iual  to  /  =  /o<|»  ..  where  ij;  is  the  extension  coefficient  of  the  jet 

under  armour-piercing  conditions. 

The  mass  of  the  jet  is 

A4,  =  ii4'l»r  2po'  (68.39) 

where  7a  is  the  mean  radius  of  tlia  jet. 

In  accordance  with  formula  (67.5),  the  mass  of  the  lining  is 


Ml 


sin*  ■ 


sin*  Y 


j  8po' 


(68.40) 


Here  /?,  is.  the  base  radius  of  the  cone,  A  is  the  height  of  tlae  cone  (A  «=  I  cos  a, 
Mdiere  ^  is  the  cone  gaheratrla:,  approximately  equal  to  the  initial  length  of  the 
jot  4 ) . 

]?rom  equation  (68.40)  wc'  obtain 

'  -  rY^JeosT 

—  r  3 


Sltly  . 


(68.41) 


Bearing  in  mind  that  tho  maximum  effective  length  of  the  jet,  for  wliioh 
maximum  aimour-piercing  is  achieved,  is 

4//~ 


(w.,,  thw  .;u-:dmum  extension  for  vdiich  the  jet  still  retrins  its  monolishic- 
nature^,  and  solving  equswtion  (o8.4l)  relative  to  ®  ,  the  optinrum  thickness  of 
tic  lining  can  be  determined  npproxiroately  : 


2R\  cos  a  sln“ 


(68.42) 


If  wo  ass'.unfljon  the  basis  of  experiment,  that  for  a  steel  lining 


■  and.  7o=  O.SOinm  (tq  chruagea  littlo  vdth  chaiige  of  ,  then  for  tlae 
case  vra  are  considering  {R  =  3(>nm,  2a  =  55^ j  we  obtain'  8opt=  ■  2.2Gtam,  vfhioh 
is  close  to  the  erperimentnlly  ectablished  value (2  -  2.5rani). 

In  conclusion  we  shall  establish  the  liiiiiting  ratio  of  tlie  jiis.so  of  the 
lining  to  the  niass  of  the  active  portion  of  a  cumulative  charge,  for  which  jet 
formation  ceases, 

Por  this,  we  sliall  assume  (see  equation  (68.53)  )  the.t  the  limiting 
pressure  at  which  jet  formation  ceases  is 


ei^oiia 

(-t)' 


(68.45) 


If  ~p^^^  ,  and  the  value  of  'p»/Pa  corresponding  to  it  ore  knovna  for  a 
given  material,  then  Sub  can  bo  determined. 

For  values  of  uo<!^Uum.  ‘  as  we  have  already  shov/n,  further  flow  of  metal 
and  formation  of  a  cumulative  jet  ceases. 

Using  expression  (68,51  )  and  taking  into  account  the  coefficient  ^  , 
we  obtain 


(63.44) 


^  ,  omi  bo  determined  by  experiment.  In  experiments  oarriod  out  by  3AJJ}£, 

^Tith  a  56mni  ohorge  of  airanotol  SO/lO  of  density  1.2  g/oao  (D  s  5400  nv^seo)  aiid 
with  a  copper  conical  lining  (d  s  45  mm  ;  angle  of  flare  of  cone  2a  =  57°, 

3- a  Siniji,  M  .=  429g.),  jot  formation  vms  ooii5>letely  absent.  As  a  result  of  this, 
«=»  4.57  and  woum—  420  m/aeo»  Using  formula  (68,45),  we  obtain 

'  •''ite 

~Pu^  '/0,000  kg/cm^. 

Knowing  the  value  of  can  bo  determined  and  also  tiie 

limiting  thickness  of  tho  lining  for  a  caiiulative  charge  prepared  from  any 
explosive. 

For  a  charge  of  trotyl/hoxcgon  mixture,  “  0.21,  end  the  limiting 


thickness  of  tiia  copper  cone  a  16, 0  ~  17,0  um, 

\7e  note  finally  that  the  value  of  pumjj  »'  established  for  the  given 
raatei'ial  under  conditions  of  ooiopression  of  the  lining,  sliouLd  be  considerably 
less  than  the  value  of  »  which  is  oharaotc«lstio  for  this  same  material 

under  anaour-pieroing  conditions' of  tJie  cumulative  jet,  Eiis  is  e3g>lained  by 
the  fact  that  the  strength  eharactoriatios  of  materials  are  not  ooxistant,  but 
d^end  substantially  on  the  nature  of  applioation  of  the  stress  to  the  obstacle 
and  on  the  conditiana  of  its  deformation. 

For  cxaflplo,  for  a  steel  lining,  the  limiting  velocity  of  the  cumulative 

A 

jet  wi  as  a  result  of  its  action  on  a  steel  obstacle,  is  equal  to  2000  s^aeo 
which  corresponds  to  the  value  4,8  •  10^  ka^'ca^,  For,  Wi  <tai  the 

erlt 

anaour-pieroing  characteristics  practically  cease,  !l!ho  large  value  of  pu«  in 

the  given  case  is  eagjloined  by  the  instability  of  the  cuaulative  jot  and  its 

« 

continuous  breakdoTO  in  the  process  of  armour  piereixi& 

^  69.  Iho  Effect  of  the  ^^on-unifo^Bity  of  Cem^ression  of  the 
Lining  on  the  Distribution  of  VeOocitiea  in  a  Oass^lative 

Jot, 

Prom  the  thooiy  of  the  active  portion  of  a  cumulative  charge.  I  t  is 
possible  to  establish  the  nature  of  the  lining  oon^jression  and  distribution  of 
velocities  along  the  cumulative  jet,  which  is  of  oroaiderable  Interest, 

In  view  of  the  fact  that  tho  ratio.  is  not  constant  for  the  indivi¬ 

dual  elements  of  the  lining,'  but  is  reduced  from  the  vertex  to  the  base  of  the 
cumulative  recess,  the  velocity  of  compression  of  the  individual  elements  of 
the  lining  will  also  bo  ohonged,'  to  acoordanoe  with  ojq?ression  (68.51).  As  a 
result  of  this  it  should  bo  taken  into  account  that  the  an^a  of  slope  a,  zt 


then 


_  du]  _Sp,D^  I  L  I  L  ^ 

‘  ‘2dnt  ■  8  \i  +  n/  "■  8i  \L  +  n! 


(6y.3) 


Hence 


(t) 


(69.4) 

Integrating  e^^iression  (68. 4)  for  the  conditions  that  u  —  0  for  n  =  0, 
we  arrive  at  the  relationship 

u,  _  1  ./T  /CT  \  r,  /  ^ 

£)“2K  U +'>;]■  (69,5) 

Since 

(69.6) 

wliere  mo  and  Z.o  the  mass  and  length  of  the  element  of  the  active  portion 
lying  immediately  next  to  the  axis  of  the  charge^’  then 


(69.7) 

The  function  f{-j]  can  easily  he  determined  geometrically  for  aiy  given 
shape  of  recess.  The  mass  of  aiy  element  of  lining  is  also  known  ;  in  the 
most  general  case  .  . 

Assuming  that  the  angle  through  whioli  any  element  of  the  lining  approaches 
the  axis  of  the  charge  is  not  changed  (this  anj^Lo  is  equal  to  90°  -  ao  ,)>  we  can 
easily  determine  the  "slam"  velocity  of  an  arhitraiy  element  of  the  lining. 

Actually,' 

■  (69.8) 

and  therefore  equation  (C9,7)  oan  'be  wriLlon  in  the  form 


“i 

TT 


'i  — ii/' -Til  /.Fl 

>  ~  2  K  2Ma  -f  [  \  i 

/>0d 


)T 


(69.9) 


In  the  case  of  a  conical  recess  with  a  lining  of  constant  thioloiess 


For  this 


/(!)=. l-f;. 


„  ^0  Po 
Mo  4  p, 


sin  Oj, 


/  =  -^0—  and  i(j  = 
sin  oj 


wiiere  i  is  the  thickness  of  the  lining,  on  is  the  densily  of  the  eajilosive,' 
Pi  is  the  density  of  the  lining  laetol,'  Ro  is  the  hase  radius  of  the  cone, 
Novr  equation  (69«5}  assumes  the  form 


(69.10) 

Zho  value  of  Wn ,  as  hefore,  is  determined  hy  the  expression 

w„  =  _£^.  (69,11) 

tMl 

For  the  aotual  example  presented  above  (^o  «*  SO  ran,  8  =  2  mm,  ao  ■  17®30' , 
P‘1  a  1*6  s/cai?f  Pi  a  7.8  jp^cm®  and  D  a  7600  sy'seo),'  having  used  equations 
(69.  lO)  end  (69»ll),  we  dotermise  tJie  uorrtj^ouding  values  for  U{  the 
velocity  distribution  Wu  in  the  cumulative  Jet,  Iho  results  of  the  nflinnip-H^:»ri 
are  presented  in  Fig,  181  (curve  l). 

Figure  181*  Velocity  distribution  along  a  cumulative  Jet 


It  can  be  seen,  flx)m  the  figure  that  the  majdjmun  velooi'ty  gradients  in 
the  cuimlativB  Jet  arise  on  account  of  tiie  lining  elements  lying  towards  iiie 
apex  and  1:030  of  the  recess.  Ihla  should  have  as  its  oonaoquenco  the  rapid 


breakaway  of  the  Jet  from  the  pestle 
and  the  intense  dispersion  of  the 
leading  portion  of  the  Jet  What 
has  been  said  is  found  to  bo  in 
aooordanoe  with  the  results  of 
e:q)eri2Bental  investigations. 

In  actual  ohargesj  detoziation 
does  not  take  plaoe  instantaneously^ 
therefore  we  should  take  into  aooount 
the  time  during  which  the  detonation 


Pi/aire  182.  Compression  of  a  conical 

lining,  taking  into  account 
the  non-instantanei-ty  of 
detonation  of  the  charge. 


wave  traverses  the  distance  fron  ‘ttie 

vertex  to  the  base  of  the  cone.  After  this  time  the  vertex  of  the  lining 
travels  a  certain  path  Xg, as  a  oonsequenoe  of  which  the  ang^e  of  slope  of  the 
lining  Is  changed  (Tig.  182),  Since  for  the  vertex  of  the  lining 


u  1  ,/■  m,  Ti  t  X  VI  _  1 

£)  “*  7  K  [  \  +  •*  /  J  D  ~ it  ' 


(69.12) 


where 


ffTg  4oPg  Sin 

M,  “  ip, 


then 


dx 


£>■',/  1  4gPoSlnag 

2  V  T  ifr~ 


(69.15) 


Here  t  is  the  time  during  which  the  detonation  wave  travels  the  path  from  the 
vertex  to  the  base  of  the  cone.  It  is  obvious  that 


Sinoe 


l  cos  Oj 
D 


UM 

/ 


Z'  1- 


dx 
(1.11  +  xy^ 


,  J  {Laj-x)dx  . 


(for  •^■<1 


/z.»H-2V 

tblB  solution  is  quite  aoourate),  then 

J{Xo)  =  ]/*  2-  -4^  S'"  ®0  • 

We  ^termine  xo  from  ea^resaions  (69.14)  snl  (69.15).' 

Knovdng  Xo  ,  It  Is  easy  to  determine  a  ,  the  angle  of  slope  of  the  lining 
to  the  arts  of  the  ohxtrge  &t  the  instant  of  termination  of  ‘the  detonation  : 


°  '"'lin  r  tto  -  sin  go  a .  (69.16) 

tihere  a  — a<;  is  the  inorenent  of  the  an£p.e. 

In  solving  the  neutralized  problem  it  oan  be  s^sumad  that  'the  average 
value  of  the  angle  is 

'  +  (69.17) 

In  sol'ving  the  problem  by  elements,  it  oan  be  assumed  with  suffiolent  accuracy 
that 

^“1  _  1 _ ^  ' 

/  ■  (69,18) 

Zherefore,'  in  fomulae.  (69.10)  and  (69.  U),  In  oaloulating  ut  and  rii  , 
the  angle  ao  should  be  r^laoed  by  the  angle 

For  the  example  oonaidered  above'  ^^1,-  fM  a  a  257  >  whence 
-g=l,  ^  =  0.3  andAa«i,6'. 

For  the  solution  of  tlie  neutralised  pr6bleffl(for  oaloulating ;  a>i  ,  the 
error  in  the  an^e  gi'ves  the  ooeffioient 


(69.19) 


In  oiir  case  lo  «  17°aO*  and^’liw^  ';!?Q.70, 

In  order  to  find  the  volooi-ly  distri’bution  along  the  jet,'  it  is  necessary,' 
having  'been  giv^  >  to  calculate  the  value  of  according  to  relationship 
(69.18).' 


In  our  exejcple 

•  Aa4  =  6»^l  --i). 


Xhe  nature  of  the  velociiy  distrUcu-tdon  by  calculating  the  diange  in 
tiXL^e  is  shovn  in  Fig.  181  (curve  2).  For  ~r  »  Q.5,  b  72CXD  a/seo,'  -nhloh  Is 
very  close  to  the  mtodnuni  velc  diy  of  the  ousulative  jet,estebllshed  for  a 
sinllar  charge  ‘by  experiioent; 

TTe  shall  novr  calculate  the  coefficient  ^  ^ai>plica33le  to  foroula  (68.32). 
the  volume  of  the  active  portion  of  the  charge  ooii  ,  ;  the  i  ttwe 

volume,  in  vhioh  the  e::q)losicn  products  from  the  active  portion  of  the  charge 
espand  in  the  process  of  egression  of  the  lining  is  a  «  (see 

l^gi  lSO)  j  taking  into  account  that 

^  7  _  c 

*'.  +  «'  P.  "ei  ’  (69,20) 

so  that  p~a  '  vhere  c  is  the  mean  velooliy  of  sound  in  the  a^gloBion  produpts, 
ve  obtain 


w,  +  V  1  -J-  cos  ’ 


(69,21) 

V  is  the  limiting  volume  oooupied  by  the  er^losioa  produots  from  the 
active  portion  of  the  charge  at  the  end  of  eoopression  of  the  lining,' 

,Ihe  ratio  of  the  energy  remaining  at  this  Instant  in  the  waploHion  pro¬ 
ducts  to  their  ialtieil  energy  is 


The  kinetic  energy  acquired  "by  the  liniixg  ia 


£. 

Bi.' 


cos»  an 


il. 


cosi  c 


(1  -I- COS  ao)2 
1  “f"  2  cos  «o 


J. 


. 

• 


(69,23) 


(l  +  C0S8(|)>  (1  +  cos  ajP 

wfeere  r)j.  ia  a  coefficient  v*hioh  takes  into  account  -1119  incomplete  utilizatioa 
of.  energy  in  determining  aT,  aooording  to  equation  (68,32), 

?or  the  cxan^la  ’being 'oonsiderod,  tij  0,95,:  Since,”  as  we  have  establiahed 
above)'  consideration  of  -tlia  error  in  the  laean  variation  of  the  an^e  a  gives 
^1  B  0.70  for  this  case,*  then  by  determining  Wi  qpoording  to  forrula  (68,32) 

•”a  a95  •  0,7flS^0.67.' 

Since  the  velocity  in  tho  oumulativo  jet  is  increased  from  the  front  to 
the  rear  elements  and  then  falls  again  towards  the  end  of  the  Jet,'  redistri- 
'bution  of  velocities  Tidll  take  place,'  namely,'  ihe  leading  portion  of  the  jet 
as  a  result  of  this  Tdll  toe  oooelerated  and  the  middle  portion  will  be  retarded. 
Qie  diameter  of  the  jet,'  as  a  result  of  this,*  inoreoses  somevdiat,' 

In  order  to  describe  the  final  velocity  distribution  in  the  jet  and  to 
determine  its  diameter,  we  moke  use  of  the  Lav75  of  Conservation, 

let  us  consider  the  siii^le  case.  Suppose  that  the  velocity  of  the  jet  . at 
the  interval  0</<r  .iaoreases  linearly  from  zero  to  (for  se  =/  —  J)  , 

and  at  the  interval  it  falls  linearly  to  zero  (for  ), 

Vfe  shall  suporlnpose  the  origin  of  the  Coordinate  at  the  end  of  the  jet*'  Over 
a  certain  time,'  a  new  regime  is  established,'  for  which  the  velocity  of  the 
leading  portion  of  the  jet  is  eg^al  to  3he  velocity  distribution  will  be 

linear  (from.:., zero  for  The  length  of  the  jet  is  equal  to  1-^ 


and  the  ratio  of  the  mean  areas  of  cross-seotion  the  jet  pildr  to  redi3tri~ 


i~7 


Tsution  and  after  distribution  will  be  equal  to  — 7- 

We  shall  now  prove  this.'  Prior  to  redistribution  of  the  velooities 

mi  =  Si?r,  ni2  —  Sip([ — 7),  /«  =  «! -|- /flj  =  Si/P'  ' 

Neutralizing  the  volooiV  ^2^  we  obtain 


m\W\ 


max 


/  —  max 

»  /2  — - ^  > 


Ex' 


i”i«i 


limw 


f. 


P'lB  the  density  of  the  Jety  £■  is  the  area  of  cross  seotion  (average) « 
Ida  the  lesagth  of  the  iat'Jm 

JlxfiMe  redistribution  of  velooities 

m* 

■'iBU 


e- 

a  *  g  ■ 

which  proves  our  hypothesis. 

It  follows  from  these  relationships  that 

#1  1—7 

or  - 

(69.24) 

She  tine  after  whioh  redistribution  occurs  can  be  estimated  f^m  the 
relationship 

_  _2£ 

'  (69,25) 

where.  Co  is  the  velocity  of  sound  In  the  jet  material,'  The  path  of  the  oocpression 
and  rar')f action  waves  in  both  directions  is  taken  into  aooount  by  those 
relationships. 


Toviords  the  end  r  '  .Tompresaion  of  the  lining,  the  length  of  the  jet  is 

— /o  +  WiinM''o>  (68,26) 

where  /o  ==  ^  —  /o.  .  ,  • 

Actually, .  the  toitial' velocity  distribution  in  a  ouiiailative  jot  is  not 
linear  (see  Fig.lSl).  Consequently^  a  precise  solution  of  the  problem  is  more 
complex.  However,  tlie  jet  cen  always  be  divided  into  several  intervals  and  it 
can  bo  assumed  that  in  each  one  of  them  the  velocity  distribution  is  linear. 

^  70.  Theory  of  the  Armouavpieroing  Action  of  a  Cumulative  Jet. 

The  theory  of  the  armour-piercing  action  of  a  cumulative  jet  was  first 
developed  by  LAVKE'TT'YE'/.  It  originated  from  the  hypothesis  that  as  a  result 
of  the  impact  of  the  jet  with  armour  plate,  high  pressures  are  developed,  at 
which  the  strength  resistance  of  the  metal  be  disregarded,  and  the  armour 
plate  may  be  considered  as  an  ideal  incnn^essible  liquid.  In  oooordanoe  with 
this,  lA.VRU'TT’IEV  considered  the  follo^ving  problem  in  detail. 

Suppose  that  the  jot  is  in  the  shape  of  a  cylinder  with  radius  i  the 
velocity  of  all  its  elements  is  identical  and  equal  to-  wt  «  In  addition,  let  us 
assume  that  the  jet  penetrates  into  a  cylinder  with  radius  r\, ,  coaxial  with 
the  jet.  In  this  setting  the  problem  is  equivalent  to  the  problem  we  have  oonp* 
sidered  of  the  collision  of  -two  jets;  by  changing  the  signs  of  the  jet  veloci¬ 
ties,  the  mods  of  formation  of  -the  jet  as  a  result  of  ocn^ession  of  -the  lining 
reduces  to  the  mode  of  operation  of  the  jet  as  a  result  of  its  penetration  into 
a  medium  with  the  same  density. 

In  this  case,  Fig.177  may  be  considered  as  the  mode  of  penetration  of  a 
jot  A  into  an  obstacle  B  if  w®  assume  that  the  obstacle  B  (pestle)  for,x-+-— oo 
has  ><oro  velocity.  Hence  the  relationship  follows  for  the  penetration  velocity , 
of  the  jet  (annouj>-pieroing  velocity)* 


(70.1) 


It  follovra  I’rom  relationship  (70.l)  that  as  a,  result  of  penetration  of  the  jet 
to  a  depth  L ,  a  portion  of  the  jet,  also  equal,  to  L,  is  eapondcd,  i.e.  the  rnaxl- 
mum  depth  of  armotir  penetration  is  equal  to  the  length  of  the  camulative  jet. 

•If  the  jet  and  the  armour  plate  have  different  densities,  then  the  pene¬ 


tration  velocity  is  datorroined  hy  the  formula 


«  =  Wi- 


»  Pi 

and  the  depth  of  penetration  by  the  formula 


(70.2) 


(70.5) 

vdaere.  pi  and  ps  are  the  densities  of  the  jet  metai  and  of  the  aroour  plate, 
and  /  ia  the  length  of  the  jet,  equal  to  the  j..  igth  of  the  generatrix  of  the  cone. 

LAVRU'iT'YETV'  showed  that  the  original,  scheme  proposed  by  him  Is  valid,  if 
the  pressure  resulting  from  collision  of  the  jet  with  the  armour  plate  exceeds 
2  •  10®  ka/cm^,  i.e,  if  a/Btso. 

Results  of  verification  hme  shovni  that  velooities.  and.  depths  of  penetration 
calculated  by  LAVREINT’YEV  are  differwit  from  the  experimental  values  in  a  nxmibor 
of  oases. 

The  principal  reason  for  the  varianco  between  theory  and  experiment  is 
in  neglecting  tlie  compressibility  of  rtifetals  at  hi^h  pressures  and,  in  particular, 
the  structural  resistance  of  obstacle  material. 

The  structural  reai.stence  of  metals,  as  is  well-kno\TO,  increases  in  general 
with  inorocae  of  dynamic  loading  and,  as  we  shall  show  below,  under  definite 
conditions  it  becomes  commensurate  with  the  pressure  generated  by  the  cumulative 
jot. 


In  this  case,  the  depth  of  armour  penetration  should  depend  not  only  on 
the  length  of  the  jet  and  the  ratio:  of  the  densities  of  the  metals,  but  also  on 

the  velocity  of  the  jet  and  the  structural  oharactoristios  of  the  armour  plata 


Th.0  structural  resistance  of  inotala,  under  conditions  of  dynamic 

stresses  acting  on  +nem,  cannot  te  determined  with  sufficient  accuracy  theoreti¬ 
cally,  in  view  of  the  absence  of  reliable  data  oonoerning  thf,'  variation  of  the 
parameters  of  the  crystal  lattice  of  metals  at  high  pressures. 

The  value  of  pat  may  be  established,  ho'.vever,  on  the  basis  of  experimental 
data  for  the  limiting  velocity  of  a  cumulative  jet  >  at  which  the  acmouD> 

piercing  action  ceases. 

It  is  obvious  that  for  this  velocity,  the  pressure  of  the  jet  will  be 
balaiiced  by  the  total  resistive  forces  of  the  obatanle,  which  is  oon^ioundad  from 
the  inertial  force  ■■  pi^  and  the  structural  resistance  . 

However,  since  In  the  vicinity  of  the  limit  of  penetrability  the  velocity 
of  motion  of  the  metal  of  the  obstacle  is  negj.igibly  small,  the  rquantity 
Pin  can  be  q,uite  reasonably  negleoted,  and  the  value  of  pg^  detemined 

from  the  theoretical  relationship  between  the  pressure  and  tlie  velocity  Of  tho 
outnul stive  jet. 


Table  106 

Critical  Velocity  of  armour-pi eroing 


Obstaole  material 

Brinell 

hardness 

Material  of  cumulative 
jet 

Critical  velo¬ 
city  of  jot, 
Jiy'sec 

Duralumin 

115 

” 

IXuralianln 

2900 

Steel 

125 

IXiralumin  ,  . 

S500 

Steel 

125 

Steel 

2050 

Tempered  steel 

S  =  50 
c 

Steel 

2200 

Results  of  determination  of.  laiorn  for  certain  metals,  as  obtained  by 
BAUM  and  SIIESOfi’ER,  are  presented  in  Table  106. 

With  the  object  of  determining  Wiopit  material,  the  limiting 


thickness  of  airioua-  par.otra.tion  was  established  accurately  at  3  -  5  ram,  and 
the  exit  velocity  of  a  ouraulativc  jet  at  this  thiclaiqsa  was  raaasiured  photo¬ 
graphically. 

Figure  168  shows  a  photogjraph 
on  vdiioh  the  motion  of  the  rear 
portion  of  a  cuiiVilativa  jet  is 
recorded. 

It  follovra  from  Table  106  that 

“'■oiit  depends  on  the  relationsliip 
bet\7een  the  densities  of  the  metals  of 
tlie  jet  end  of  the  obstacle  and  their 
phyoico-mechaiioal  diaraoteriatics, 

Tlius,  it  may  be  ooncluded  tliat  not  the  whole  of  the  jet  possesses 
8imouj>piercing  capabilities,  but  only  a  certain  portion  of  it,  vMch  wo  shall 
oall  the  effcotive  length  of  the  jet.  /,«  • 

liie  quantity  is  determined  by  the  imture  of  the  velocity  distribution 

along  the  cumulative  jot,  as  Fig.lSS  shows  diagrammatically, 

I'.’aturally,  in  order  to  doteiroine  Im  ,  it  is  no'cessarjr  to  consider  tlae 
jot  at  the  instant  of  its  maximum  extension,  at  vdiich  it  still  retains  its  mono¬ 
lithic  oliaraoter#  It  is  obvious,  that  in  this  state  it  v/ill  possess  maximum 
armour-piercing  capabilities.  The  value  of  /,«  can  be  calculated  if  we  kao\7 
the  law  of  motion  of  the  cumulative  jet. 

The  theory  of  the  armour-pieroing  action  of  a  jet,  ta3:ing  into  account 
the  oompressibilify  of  the  metals  of  the  jet  and  of  the  obstacle  and  also  its 
structural  oharaoteristica,  has  been  developed  by  BiSUId  and  STiTvYUKOVICII. 


Fipw:-e  185.  Velocity  distribution 
along  a  cumulative  jet. 


^  71.  Motiwti.  of*  a  Cumulative  Jet. 

ffe  shall  oonalder  first  of  all  the  motion  of  a  cumulative  jet  in  air.  It 
is  obvious  that  at  relatively  small  distances  iVooi  the  charge  (up  to  several 
metres),  which  are  also  of  faraotloal  interest,’  tha  air  resistanoe  oon  bo  neglected 
and  we  can  consider  the  motion  of  the  jot  as  in  a  vacuum.  Purthemore,  it  is 
obvious  that  the  Internal  pressure  In  different  portions  of  the  jet  is  dose 
to  atmospheric  and  tha  pressure  gradient  is  in  oonparison  with  the 

velocity  gradient  o*”  assiaaed  that  =  0. 

In  this  case,  in  order  to  desoribe  the  motion  of  the  jet,  Euler' s  eq.uation 
for  non'>atationary  ,  one-dimenslcnal  motion  of  llccaids  ean  be  used  t 

Por  givei  case  the  general  solution  of  equation 

(71  .1  )  is  written  In  the  form 

x  —  u(+F(u).  (71,2) 

Knowing  the  law  of  diatributlon  of  the  velocity  u  with  respect  to  the 
coordinate  JC,4at  any  finite  instant  of  time,  for  ezao^e  for  /  — 0  ,  it  is  ea^  to 
deteztoine  the  azbitrazy  function  F(u)  (origin  of  tlur  tims'  reading  end  of  the 
coordinate  are  entirely  arbitrary,  slnoe  in  equation  (71.1)  .  t  andjx  appear 
under  the  differential  sign). 

Suppose  that  for  '  <— 0  ,  ’«=/(«)  or  *  — 7(«)  ,  where  ?(«);  is  a  given 
funotion  of  the  veloolty;  theh  it  is.  obvious  that 
,  -  F(s)  =  9.(«). 

V 

i.e. 

r  =  a/  +  ,p(tt). 

!nhe  isogonaa  motion  is  inertial}  every  partide  of  tha  jot  has  a  constant 
veloolty,  detezmined  by  the  initial  oonditlons,  and  independent  of  time,  henoe, 


it  follows  that 


where  tto  desoxdbea  the  veloeity  distribution  as  a  function  of  the  Lagrangian 
coordinate  Xo  ,  llie  value  of  xa  dofinea  the  position  of  a  partiole.  at  the 
instant  of  time-  i/=i=  0. 

At  any  arbitrary  instant  of  time  ••  f>0  ,  the  position  of  a  partiole. 
is  dstermined  by  the  expression 

x=‘Xa+ih(X(,)t.  ■  (71.5) 

Suppose  that  for  t=>0  the  length  of  a  certain,  part  of  the  jet  is 

4  (1,  n  =  JCj,  0  ~  0* 

Then,  for  (>0'  ,  the  length  of  this  part  of  the  jet  ia  detennlned  by  the 
ejQireaslon 

h  (»,  i)  =  ‘0  (I,  I)  +  l^a,  0  (Xt,  o)  —  “i,  0  (■*!,  o)l  (71, 6) 

We  shall  oonsider  tm  possible  oases  of  notion  of  the  jet.  In  the  first 
oase  ve  shall  assume  that  the  velooity  depends  lines* ly  on  the  coordinate, 
i.e.  for  <«=0  ■ 

vhere  uo  is  the  velocity  of  the  leading  portion  of  the  jet,  a  ia  a  dimensionless 
ooeffioient  which  depends  on  the  velooity  gradient  and.  whloh  oan  be  detennined 
by  experiment  from  data  conoeniing  the  velooity  distribution  along  the  jet, 

/o'  ia  the  Initial  effective  length  of  tlrie  jot. 

ffor  X  » 2o  , 


BVom  ejQJtession  (71.8)  we  obtain 


I  — 


“0 


Xt 


1~ 


“orit 


»o  (71.9) 

Using  expressions  (71.S)  end  (71.8),  we  obtain  the  relationship 


ut 


1  _  Jiarlt 
«» 


(^>0). 


Hence,  we  deteKToine  u^u(x,  0: 


.^  + _ 2s_ 

k  ^  »«  — U 


“•  -JisL. 


0  ■  erlt 


«o 


(71.10) 


‘  “‘-“artt  . 

'inia  position  of  waxy  particle  o£  the  jet  for  ,  /  >  0  is  dsteznined  by  the 
relationship 


(71.11) 


Ihe  effeotive  length  of  the  jet  is  detezminsd  by  the  relationship 

^»/f~4"j"(So  —  (71.12) 

In  the  second  oase  we  assume  that  at  1  =  0  ',  the  velocity  distribution 
along  the  jet  is  deteznined  by  the 'low 


Suppose  that  for  x^ig,  ,  U’^iUerit  • 


(71.15) 


whence 


which  finally  deteiinlnes 


whereupon  ihe  parameter  a  should  he  determined  Isgr  e^cpariinentu  It  is  easy  to 
detennlns  the  value  of  x  for  ^>0  Arom  equation  (71,14}  { 


(71.15) 


She  total  effeotlvo  length  of  the  Jet  as  a  result  of  this  is  deteznlned, 
as  heforsf  lay  relationship  (71,12}. 

During  the  process  of  motlont  the-  Jet«  having  extended/  loses  Its  iaono> 
llthlo  nature  in  the  course  of  a  certain  tine  .  Ve  shall  determine  t  ub  • 
In  this  case,'  when  the  velocity  along  the  Jet  varies  according  to  a 
linear  law^  the  relative  extension  of  the  Jet  can  he  expressed  direotly  hy  the 
relationship  Jigure  18^  Siagran  of  txue  stresses, ' 


h 


(71,16} 

If  the  process  of  extension  of 
the  Jet  is  llnitea  only  hy  the  region 
of  elastio  dofomationSj  then  in 
order  to  detexulne  ve  can  use 
the  weU-known  relationship 

t 

where  o,  is  the  teoporazy  resistance 

of  the  metal ;  *  is  the  relative  extension,  and  £  is  the  modulus  of  elastioily. 

Eovever,  deformation  of  'ttie  Jet  is  acoooplished  after  the  limits  of  the 
elastic  region,  in  view  of  which  Hook's  Law  oannot  he  used  in  the  given  case 
for  calculating  the  relative  extension  of  the  nstsl.  Per  this  we  nust  use  fixed 
experimental  relationships  which  establish  the  connection  between  the  breaking 
load  and  the  relative.  ,  extension  of  the  re^eotivo  metals.  In  order  to  obtain 


-these  relationships,  diagramfi  of  true  stresses  (Big.  184)  jnay  Tie  used*  whloh 
include  -the  region  of  plastLo  aeformation  as  well  as  the  elas-tio  region,  for 
which  -the  law  of  increase  of  tension  is  oharao-toriaed  "by  -the  equation 

a--9(,  =  /4(»  — lo).  ■ 

Sulisti-tu-bing  this  equation  ty  the  approxina-fce  ec^iation 

o  =  Dt  + const,  (71,17) 

where  D  is  the  atreng-th  x»dulus,‘  knowing  -the  quanti-ty  -S^  and  negleo-tlng  elas-tio 

a 

deformation,'  the  rela-tive  extension  oan  he  determined  approsdmately  from  -the 
disgram 

(71.18) 


where  S/,  is  the  reala-tance  of  -the  ne-tal  at  kreakup, 

7a  find  from  relationabipa  (71.16)  and  (71.18)  that 


5,  —  /. 


_  (71.19) 

Substituting  the  value  found  for  tn  es^ession  (73112),’  we  find,' 
finally,  the  relationship  for  the  limiting  effective  length  of  Jet 


/.e«/o(l+V^) 


(73.20) 


It  la  not  posalble,'-  asanwhile,  tc>  usp  this  foxnula  directly  for  rUMeadouiLl 
calculations,'  sinoe  the  egdating  values  of  5«  and  D  are  -valid  only  at  notnal 
tess>eratuxea  and  snail  deformation  -velocities  of  ae-tala.  ]Ey  increasing  the 
teaperature  and  velocity  of  deforma-tlon,  these  -vi^uea  are  changed.  Zhe  -values 
of  5,  and  D  at  the  tenpera-tures  and  enormous  deformation  -velooities  which  are 
attained  by  -the  mo-tion  of  a  cumulative  Jet,  are  not  known  at  presen-U' 

Equation  (71.20);'  however,  leads  us  to  the  oonolu^n  -that  la  order  to 
Inorease  /•„  ,'  and  oonsequentOy  also  -the  armouxvpierolng  effect,'  It  is 


necessQxy  to  ensure  such  a  couibination  of  the  physioo-meohanloal  properties 

of  the  linine  metal,  at  which  the  ratio  ■^*  —  ■’1,  attains  the  gret  v-st 

p 

possible  value* 

On  laio  basis  of  data  wl-tti  rei^peot  to  the  arroour-penetrabilily  of  cwrulative 
ohargea  and  from  X-ray  photographs  of  euaulative  Jets^‘  it  may  be  auasutsed  that 
for  a  lizing  .Jade  of  mild  steel 


1*^  V  amounts  approximately  to  ^^0 ,  where  ./o  is  about  the  length  of  the 

generatrix  of  the'  oumulative.  recess. 


§ 


72.  Physisal  Prlnoiples  of  the  SSieozy  of  the  dznou3>pieroing 
dotLon  of  a  Oufiulatlve  Jet 


Ztt  oonstruoting  the  theozy  of  the  armour^ierolng  action  of  a  ououlatlve 
Jetf  it  is  not  possible  to  proceed  without  olear  ideas  oonoeming  the 
meohanism  of  destruction  of  the  armour  platen 


It  is  difficult  to  detersdne,'  without  prelLulnazy  analysis/  whether  we  are 


dealing  in  a  given  case  with  large-soola  destruotion  of  the  material  of  the 
armour  plate/  or  with  some  o'^>er  phenoaens. 

Slementazy  oalculatlon/  gtaerally  j^e'aking,  indloate  that  even  close  to  the 
limit  of  penetrablli'ly*  the  energy  of  a  oumulative  Jet  is  suffloient  to  cause 
melting  of  the  metal  of  the  armour  plate,' 

He  shall  determine  the  limiting  velocity  of  the  Jet/  for  which  cosplete 
fusion  of  steel  can  still  be  aohleved/  assuming  that  the  lining,  and  oonsegjiently 
also  the  Joe,  consist  of  the  same  metal, 

Xhe  kinetio  energy  of  unit  mass  of  the  Jet  is 


(72,1) 


Ihc  energy  I'equired  for  melting  unit  mass  of  the  obstacle  is 

(72*2) 

For  steel  at  noraal  pressures^'  4  *>  CUS  kcai/g. 

.  Comparing  equations  (72.1)  and  (72. 2) ,  rre  obtain  for  the  oasew  are 

discasaing,'  “  1600  n/aeo, 

She  actual  value  of  U|m  should  be  someiriiat  greater,'  since  at  the  hi^ 
pressures  (around  10®  kg/on^)i‘  e:^erienoed  'by  the  metal  at  the  instant  of  impBaot, 
the  melting  point  and  the  speoifio  heat  of  the  metal  will  be  considerably  higher 
than  at  normal  pressure,'  JUe,  ■will  approximate  to  the  value  of 
Tihich  for  normal  steel  is  equal  to  2050  s/sec. 

« 

KoTrever,'  it  is  difficult  to  assume  'that  under  in^aot  conditions  of  a  cumi- 
latlve  Jet,'  having  a  duration  of  a  fevr  millionths  of  a  second,'  total  exoltation 
of  all  the  degrees  of*  freedom  oan  occur,*  which  determine  the  oonditiona  of 
fusion  of  the  metal  of  the  obstacle.! 

We  are  also  led  to  this  same  oonoluslon  by  the  experimental  fact  that  the 
depth  of  penetration  for  metals  with  very  similar  nature(vdth  praotioally  identi- 
oal  values  of  q  and  e(jaal  density),'  d^ends  significantly  on  their  strength 
characteristica> 

For  exanplvi,  for  steel  ^vith  a  hardness  Hg  » 125,  H,oxi+  »  2000  n/seo,'  but 
for  tempered  ste  si  with  Rc  «s  50/  «orit  ■  2200  a/seo. 

Still  more  significant  are  the  data  oonoeming  the  effect  of  the  strength 
of  the  ro^eotive  metals  on  the  depth  of  penetration  Siese  data  have  been 
obtained  by  BAUM  and  5KALXAB07.  ' 

3he  resiats  of  their  experimental  determinations  are  presented  in  Table  107.: 

The  e:q3eriments  were  carried  out  with  charges  of  tcotyl-hexogen  60/50, 
with  a  diameter  of  42  mm  and  a  height  of  84  mn;  the  oumlative  recess  was 

^/7 


hyporpolio  in  shape  wiiii  a  lining  of  almniniian  alloy  of  thioloiess  2  beu 

Table  107 

Relationship  "between  aimour-pieroing  action  of  a  jet 
and  the  hardness  of  the  ormovir* 


Material  of  obsta^e 

Brinell 

hardness 

Depth  of  penetration> 
mm. 

Steel 

100 

Ill 

Steel 

S50 

80 

Aluminium  alloy 

50 

527 

B1nTn^11^l^Tll  alloy 

200 

256 

On  the  "basis  of  mhat  has  "been  said^'  it  my  "be  oonoluded  that  the  metal  of 
the  azTOur  plate  during  the  prooeaa  of  action  of  the  ousulatlvc  jet^  is  evidently 
in  a  peculiar  quasi-liqiiid  stated  the  transition  oonditions  for  nhioh  d^eaad 
substantially  on  its  strength  oharaoterlstios. 

In  future,  ve  shall  use  the  quantity  as  a  pzimezy  strength  charaotexw 
istio  of  the  metal,'  nhloh  is  easily  derived  "by  e:qperi»ental  detcrminstion. 

!I3ie  follo^ving  physioal  factors  sliculd  fexm  tiao  basis  of  otriioture  of  a 
more  precise  theory  of  the  oraour-pieroing  effect,"  as  shovna  by  tiie  fesults  of 
e3g)erljnents  which  have  been  carried  out  ; 

1.  At  high  pressures,""  arising  as  a  result  of  the  interaotlon  of  a  ouuulatlve 
jet  ^vith  an  obstacle,'  it,  is  neoesssuy  to  take  into  account  the  ooc^resslbillty 
of  the  metal,  which  becomes  oonsiderable, 

2, '  Die  strength  c.iaraoteristics  of  the  metal  of  the  obstacle  have  a  oonfit- 
derable  influence  on  the  di^th  of  penetration,  I  Deatruotion  of  the  armour  plate 
is  associated  with  the  overooming  of  the  struotural  forces  in  the  metal  and 


its  transition  to  a  quasiliquid  state, 


5,  Taklna  into  account  ■'.  le  oiroumstanoe  mentioned,'  1iie  velocity  of  penetration 
can  Tse  computed  aa  the  velocity  of  motion  of  the  'boundaity  of  separatioa  bstviroen 
the  metal  of  the  jet  and  ttie  metal  of  the  armour  plate, 

4-  The  dap-Ui  of  penetration  for  approximately  equal  conditions  is  determined 
by  the  effective  length  of  the  ourml&tive  jet  !.//  ,  for  ^oh  its  velocity 

beocmes  equal  to  *  Penetration  ceases  on  the  jet  attaining  this  velocity. 

^72,1  Velocity  of  Penetration  and  ‘the  Pressure  as  a  Bosalt 
of  Ispaot  of  -the  Jet  idth  an  Obstacle, 


As  a  result  of  the  collision  of  ‘the  jet  ei-th  aa  obstacle,  a  shook  ‘trave 
originates  in  'the  obstaole  as  mil  as  in  the  je'^  In  order  ‘to  detexmLne  ‘the 
pressure  developed  on  pene-tration  of  the  obs'taole  ly  ‘the  jet  and  the  velooity 
of  penetration^'  the  mll-knoen  relationships  of  the  ‘theory  of  shook  ‘roves  can 
be  used  : 

— ‘t/;,.)  =  VMv,,o  —  v,.a,),  T  ) 

%here  u  is  ‘the  velooity  of  a  oorrei^nding  element  of  the  jet^  ‘ .  is  “the 
velooity  of  motion  of  the  boundary  of  separation  of  "edia  (,5rssixr~ 

piercing  ‘velooi'ty) is  -the  pressure  at  -the  bcundaxy  of  separation  of  'the 
media  at  the  instant  of  ispact,'  Vi,»i  ‘Oi.a  are  the  cpeoifio  volumes  of  the 
paotlng  body  (the  jet),'  initially  and  at  the  instant  of  Irnpaot,  oa.o  ;  ''•'j.o  are 

‘the  speoifio  -volumes  of  the  boty  subjeoted  -to  the  ispeio-t  (the  obstacle), 

We  shall  suppose  that  ,  i»„  =  bo(l  — aj  i.  After  a  few  transformations; 
relationship  (73,  l)  leads  to  the  follovidng  formlae,  vhioh  determine  5^  and  «„  ; 


/>»  = 


Pl,U«* 


(73.2) 


'V9her«  'Pi.o  and  i-'s.o  are  the  initial  densittes  of  the  in^aoting  Imi^  and  of  the 
hody  suffering  impact. 

In  oontraat  froa  fonnula  (70.2),’  established  by  LAVKEJNT'IBVa  equations 
(7S,'2)  and  (73,  S)  take  into  account  the  effect  of  the  con^ressibility  I  (a)  of 
the  is^octing  bodies  on  the  anaour-piercing  parameters. 

It  follows  from  formula  (73,5)  that  in  the  case  when  the  jot  and  the 
obstacle  consist  of  one  and  the  same  metal  (>i  =  eii  ,  Pt,o  —  pt.o)>  the  velocity 
of  penetration  — 

In  this  particular  oasej  fbmulae  (75,5)  and  (70,2)  lead  to  an  identieal 
result.  It  was  shown  in  Chapter  IX  that  at  pressures  of  around  10^  kg/cm^  and 
higher;  the  relationship  between  p  and  p  is  established  by  the  law 

Eh^essing  by  >  and  using  e<^ation  (73,4);  we  find 


(75.4) 


Pm 


p,  —  l-a* 


(i+^)- 


(75,5) 


dubatituting  the  relationsMp  obtained  for  a  in  equation  (75, 2) ,  wo  obtain 


Pi,  0“’ 


!-■ 


'  'I 

i 


(75.6) 


The  tf-elooi-ty  of  notion  of  the  boundary  of  separation  p  caloulatsd 
according  to  formula  (75,5);  Miresponds  to  a  medium,  the  strength  of  which  is 


not  taken  into  account  (mter,"  lead,  etc), 


Under  actual  conditions  of  arK.3U3>*picrcinc,  it  is  neoossozy  to  take  into 
accoimt  the  structural  resistance  of  the  amour  plate  aaetal  >>^'■8  ^  conse¬ 

quence  of  ^Thicli  the  actual  velocity  of  motion  of  the  boundaiy  of  separation,' 
equal  to  the  penetration  velocity ■will  T?e  less  than  Ua  .  We  shall  daaote  this 
velocity  ly  ' 

She  quantity  Up.a  can  he  determined  hy  the  fonula 

Uj,,o  =  V(Pa,  —  Pt^ivt,o  —  va,i,).  (73.7) 

Here  p^^  is  interpreted  as  the  initial  "internal"  pressure  da  the  metal  = 
of  the  armour  plate. 

Sransfoming  relationship  (72,7)^'  the  following  relationship  can  he  riiritten  !  | 
down  for  ua.o  : 


or  finally; 


(73.8) 


^'or  ps,  .  »  relationship  (73,8)  transforms  to  relationship  (73^3) 

and  if  the  jet  and  the  ohstaole  consist  of  one  and  the  same  metal,  then  u  _  “ 

9  0 

At  the  velooities  u  of  cumulative  jets  v*loh  we  usually  encounter  in  practice; 

the  value  of  “a.,o  1  . 

u  2  ’ 


I 


j 

a/. 


Por  p„  =  /?st  »  — 0,  vrtiioh  is  attained  for  u  =  t(orit  • 

results  olitained  correspond  to  actual  conditions  of  annour-piercing  "Isy 
cumulative  charges. 

Knowing  the  value  of  u„n  Toy  e:i^oriment  for  the  appropriate  metals, 
it  is  easy  to  oaloulate  values  of  p,t  for  then,  Por  this  purpose  relationship 
(75.6)  is  used,  which,'  after  auhstitating  ;a  =  s,rt.i.  ond,/>o=/»at  ia  i't*  assumes 
the  form 


=  Opi.  oMvrIt  (75,9) 

She  oaloulation  of  is  conveniently  oarried  out  'by  a  graphical  method. 
For  this  purpose  different  values  are  assigned  to  pa  and  the  oorresponding 
values  of  u  are  oaloulated.  33m  remits  of  the  oaloulatiotus  are  presented  An 
■the  form  of  graphs  of  /  pa  =</(«)  ,  which  oaii  'be  used  to  determine  p,i  according 
to  ■the  ■values  of  </arit,  found  experimentally. 

The  rela'td.onship  be'fcween  the  pressure  p  and  ■the  ■velooi'ty  u  of  a  oumu- 
lative  jet  is  presented  in  Table  108  and  in  Figure  185. 

Fiflure  185.  Selationshlp  between  velooi^ty  and  pressure  as  a  result  of 

■the  Interaction  of  a  ouBUlcbive  jet  with  different  obstacles. 


It  oaa  be  seen  from  that  for  steel  with  harfinass  /fg  a  125* 

/?(,t  a  4»8  •  10®  kg/om^*  and  for  duralumin  with  a  hardness  Ha  »  US, 

■/>ot  ■  2.8  •  10®  kg/om^. 

We  note  that  Paf  steel  amounts  to  about  20  -  2^  of  the  maaeintuti 
(initial)  pressure*  which  originates  in  the  obstacle  at  the  instant  of  its 
oollision  with  the  leading  portion  of  the  cumulative  jet. 

.  !I!he  calculation  of  the  penetration  velocll^  ua,;  ,*  is  carried  out  in 
the  following  manner.  Using  the  graph  (?ig»165)*  the  eorre^nding  value  of 
is  found  for  a  Jet  velocity  and  then  ai  and  a.!  are  detennlned  according 
to  fortoila  (75.4).  The  values  found  for  these  cfisntLtles  are  substituted  in 
relationship  (7S.8). 

Table  108 

Relationship  between  the  pressure  and  velocity  for 


penetration  of  a  cumulative  Jet. 


p.'  kg/om^ 

«,■  n/seo 

(duralumin  Jet  throu^ 
duralumin  obstacle) 

s.,  s/seo 

(duralumin  Jet  through 
steel  obstacle) 

'  Vseo 
(steel  Jet 
throu^ 
steel  ob.. 
stacle) 

1-10® 

1500 

■  900 

510 

2  .  lOS 

2520 

1640 

970 

5  •  10® 

5200 

2270 

1580  . 

4-  10® 

4000 

2870 

1760 

5  r  io| 

4670 

5590 

2120 

6  .  10® 

5510 

5870 

2450 

7.  lOj 

5950 

4550 

2785 

8  •  10® 

6520 

4775 

5070 

9  •  lOg 

7060 

5180 

5550 

1  •  106 

7570 

5580 

5650 

3-2  -10® 

8540 

6540 

4110 

1.4  .10^ 

9450 

7040 

4640 

1,6  .10® 

10250. 

7660 

5110 

1.8  -10® 

moo 

8290 

6550 

2  -  10® 

11850 

8890 

5980 

'  Ihe  results  of  a  fern  caloiilatiojos  which  have  "been  carried  out,  and 
agoplicable  to  obstacles,  ana  cumlative  Jets  of  steel  end  duralumin,’  are 
presented  in  Table  109,  where  the  relationship  between  Ux,o  and  the  jet 
velocity  «  is  given, 

TaWLe  109  , 

Relationship  ‘between  penetration  velocity  and  jet  velocity. 


Jet  material  -  Duralumin 

drmour  plate  material  -  Steel 

Jet  material  -  Steel 

Irmour  plate  material  »  Steel 

Ti/aee 

'•-.O,'*  Vseo 

,  av/seo 

“/seo 

5500 

0 

2050 

0 

4000 

610 

5000 

940 

5000 

1060 

4000 

1540 

6000 

1470 

6000 

2080 

7000 

1890 

5500 

2560 

8000 

2260 

6500 

2770 

90C0 

2650 

7000 

5540 

In  Table  HO  the  values  of  the  average  pmetration  velocities  are 
cospared,  which  have  been  established  e::gperimentally  and  calculated  according 
to  LAVSENT’IET’ a  fomula  and  according  to  fomula  (75. 8), for  the  initial 
stages  of  annouzv-pieroing  (thickness  of  axmour  22  -  SO  mm).  The  average  velo«  - 
oity  ■  of  the  element  of  a  jet  e3q>ehded  in  the  process  of  armour  penetration 
was  ohosen  for  the  olaoulati<sis. 


Table  110 


Experimental  euid  calculated  armour-piercing  velocities 


Thickness  of 
obstacle, 
mm. 

Obstacle 

material 

' 

Average 

1I«V 

Jet 

material 

velocity 
of'  element 
of  jet  , 

m/sec. 

By  experi¬ 
ment. 

By 

Formula 

(73.8) 

By , 

Lavrent'yev's 

Formnla 

30 

Steel 

Steel 

6500 

0.43 

0.44 

0.50 

20 

Duralu¬ 

min. 

Duralu¬ 

min 

.8000 

0.43 

0.44 

0.50 

50 

Duralu¬ 

min 

Steel 

7100 

.0.57 

0.60 

0.65 

It  cai'i  be  seen  from  the  Table  that  the  results  of  thooreticsal  ooloulation 
by  formula  (73.8)  and  those  by  experiment  are  in  oon5)loto  agreement. 

The  results,  oaloulated  by  LAVRENT'YEV's  formula  lead  in  all  ca8es(even 
for  the  initial  stages  of  penetration)  to  a  higher  value  for  the  penetration 
velocity.  Naturally,  for  greater  depths  of  penetration,  this  discrepancy  will 
be  markedly  inoreased. 


^  74.  Determination  of  the  Depth  of  Penetration 

We  shall  consider  the  problem  of  motion  of  the  boundary  of  the  medium 
(penetrability)  in  general  form.  The  penetration  velocity  "of  the  jet  is 


^  /.«i  P8,o  y  fa.o“’  ' 

K  fi.o  ' 


(74.1) 


vdiere  «  ia  a  funotion  of  x .  and 

Transforming  the  right  hand  side  of  equation  (74. l),  we  obtain 


(lx 

dt 


-7 — 


(74.2) 


I'jhere  upv-is  "the  initial  velocity  of  the  leading  portion  of  the  jot. 


hX.sr 


Introducing  the  notation 


1  + 


l/-- 

y  "1  Pi. 


0  a 

~  Pi'  .  ,,s  — 

®  Pi,  o“o  pi 


wo  oan  write  equation  (74.2)  in  the  form 


(74.5) 


(74.4) 


where  4  is  the  effective  length  of  the  jet  for  /  =  0. 

Solving  this  differential  equation  for  the  initial  conditions  ';t  =  0,  . 

•<  =  0,  u  =  Uo  and  /(0,0)  =  l,:  wo  find  «  =  /■'(/)•  .  Snowing  that  at  the  end 
of  penetration  ^  =  ,  it  oan  he  determined  that  .  x,=  L,,  hy_  simultaneous 

solution  of  the  equations  x-.i—F{t,).  and  4)  »  vidiere  L  is  the 

depth  of  penetration  and  t,  is  the  time  to  the  end  of  penetration. ' 


Figure  186.  Linear  diatributlai  of 
vaiooities  along  a 
oumulative  jet. 


The  solution  of  this  problem  leads 
t6  a  oumbersome  e:qpire3Sion,  trom.  which 
the  value  of  L  oan  he  determined  by  the 
method  of  successive  approximation  or 
by  tables. 

Hcurover,  the  depth  of  penetration 
can  be  determined  more  sin^jly#  For  this, 
we  require  the  velocity  in  the  jet  to  be 
neutralized,  so  that  the  Lav/  of  Conse2> 
vation  of  Energy  for  the  jet  is  fulfilled. 
For  a  linear  velocity  distribution  in  the  jet,  which  follows  from  simple  geometri¬ 
cal  considoratiQns(Fig,186),  wo  oa/i  v/rito 

uq  — a  _ la  — X 


or. 


U  —  Ud  —=-^  (l/fl  Morlt)  . 


(74.5) 


(4  is  the  length  of  the  jot  at  the  instant  of  ajn*ival  at  the  amour  plate); 
the  energy  of  the  jet  is 

0  .  0 

and  from  equations  (74.5)  and  (74.6)  we  can  obtain,  that 


(74.6) 


"0  “g- 

3  ’ 


(74.7) 


whore  u  -is  the  neutralized  velooity  of  the  jet. 

In  order  to  oaloulate  the  depth  of  penetration,  we  obtain  the  equation 


Integrating  this  expression,  we  have 


(74.8) 

yrtisre  L  is  the  depth  of  penetration,  (,■  is  the  time  to  the  instant  of  completion 
of  the  penetration.  It  is  obvious  that 


whence 


k 


1  + 


/  -ilii 

^  "t  h 


— 1- 


(74.9) 


(74.10) 


3'or  , 


.  -£=,  l/" “a  <‘'•0 

V  “i  P!.o  ■ 


(74.11) 


If  the  oon^jressibility  ooeffioiont  of  the  metals  '.of,  whioh  consist  the 
jet  and  the  obstaole  are  identioal  <  (ai=a2),  then  we  arrive  at  LAVKEINT'YEV'^s 
formula 


V  .h.o 


(74.12) 
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S'rom  th'j  relationsliiips  which  have  been  obtained,  it  ban  be  concluded  tmt 
the  ormoui'- pi  eyeing  capability  of  a  oumulativ,.  jot,  for  approximately  equal  oon^ 
ditions,  is  proportional  to  the  length  of  the  generatrix  of  the  lining.  -Therefore 
for  equal  heights,  a  lining  of  hyperbolic  shape  is  more  advantageous  than  a  coni¬ 
cal  lining.  The  use  of  a  lining  with  a  generatrix  in  the  form  of  the  branch  of  a 
logarithmic  spiral  is  irrational,  since  it  forms  not  a  normal  jet  but  a  spherical 
bxillbt. 

In  order  to  aohieya  the  maximum  armour-piercing  effect  (Z,  =  L„„)  it  is 
essential  that  the  quantity  4  be  chosen  in  such  a  manner  that  during  the  time 
of  the  entire  subsequeht  prooess  of  penetration  of  the  jet  into  the  armour  plate, 
the  jet  should  maintain  its  continuity. 

The  optimum  Value  for  4  =  4  +  ^,  (4  is  the  initial  length  of  the  jet; 

R,  is  the  focal  distanoe)  is  equal  to  the  optimum  distance  of  the  charge  iVcm 

I 

the  armour  plate,  at  which  the  cumulative  jet  has  the  maximum  penetration  oapar- 
bility. 

Consequently,  in  the  case  specified,  the  oojooept  of  "focal  distance"  has 
a  completely  different  physical  significance  than  for  a  cumulative  charge  .witl:> 
out  lining. 

For  approximately  equal  conditions,  the  focal  distanoe  will  be  greater  for 
the  charge  having  a  cumulative  lining  of  metal  which  has  a  greater  capability  of 
being  stretched  vd.thout  breaking  down. 

For  modem  cumulative  oliarges  with  a  oonioirl  recess  and  iron  lining, 


v;here  4  Ls  approximately  equal  to  the  length  of  the  generatrix  of  the  cone. 


^  75,  Detemdnaiion  of  tha  Diameter  of  -Uie  Hole 
^T>  accurate  deterurfjjation  of  tha  diameter  of  the  hole  is  extremely 
■  Hovrever;  an  approximate  relationship  for  calculating  the  diameter 
of  the  hole  can  ha  obtained  as  a  result  of  the  following  considerations. 

It  may  he  assumed  that  after  the  impact  of  the  leading  portion  of  the 
jet  viith  the  surface  of  tha  ohstacle*  transient  hi^  pressures  are 
formed  C  whioh  we  calculated  above),  IDiese  pressures  are  relieved  very 
rapidly^  as  a  consequence  of  \ihich  radial  motion  of  the  material  of  the 
ohstacla  takes  place  under  the  action  of  the  inertial  forces.  Bearing  in  mind, 
that  the  lateral  shook  wave  is  almost  oylindrioalf  the  follovdng  relationship 
can  he  written  dotm  : 

P»  K  ’  (75,1) 

where  is  the  lateral  pressure^  is  the  pressure  in  the  axial  direotion; 

ro  is  the  mean  radius  of  the  jet  and  7?,^  la  the  current  radius  of  the  holew 
Assuming  tliat  the  radial  notion  of  the  metal  oeases  when  '  P^Pa\ 
we  oan  find  the  radius  of  the  hole  from  equation  (75.1) 


(75.2) 


At  the  instant  of  con^letion  of  penetration/  i«  e.  v?hen  p^  =  / 

^  example  given,  the  maximum  value  for  a  2,0  »  10®  kg/cm^, 
Pat  5,0  .•  10®  ka/om^,  3he  mean  radius  of  the.  jot/  7o/  is  determined  hy 


^hatitutlng  the  values  2/?,*  60  mm/  8=b  2  am,  «**  55®  for  our  actual 
cose  and  assuming  that  the  maxiBum  ooeffioient  of  extension  for  present-day 
steel  oaslngs  f  6/  we  fii:d  a,  ,  b  a  76  mm,' 


Using  equation  (75,2),  we  find  the  maximum  diameter  of  the  hole 
dt  ”  2Rh  «  24  mm,  which  is  in  good  agreement  with  experiment, 

TOien  •Uio  charge  is  exploded  under  suoh  conditions  that  the  process  of 
jet  fomation  is  dlarupted.  and  its  effective  extension  is  not  achieved 
(for  exatple,  if  -Hie  charge  is  placed  iBBmdiateljr  on  the  axmour  plate) ,  then 
’the  diameter  of  the  hole  may  ho  oonsiderahly  increased  ,  which  is,'  in  fact,' 
observed  in  practioeu  Naturally,'  the  d^th  of  penelaration  as  a  result  of  this 
is  reduoed(since  the  length  of  the  jet 

§  76,  Sffeot  of  Sapid  Spin  on  the  Stability  of  a  CSumilative 
Jet  and  on  its  gxcouz^pieroix^g  iction. 

It  is  -weU-known  that  the  aziaoiu>pieroing  action  of  a  ginning  cumu¬ 
lative  amunition  is  less  than  that  of  no]>splnning  axoiunition.  With  increase 
of  angular  velocity  of  a  cunulative  charge,  the  negative  effect  of  t^ih 
motion  is  intensified,  Systematio  investigations  of  the  effect  of  spin 
on  the  ounulative  effeot,  as  a  Amotion  of  the  diameter  and  shape  of  the 
recess,  the  angular  velocity  of  the  charge  and  the  distance  from  it  to  the 
obstacle,  have  been  carried  out  ly  BAUH  Certain  experiments  in  this  direction 
were  also  carried  out  uMer  the  leadership  of  L&'VRSm^XEV, 

The  Effect  of  Oalibre(diameter  of  the  base  of  the  rooess)  pf_a  Oharpce 
on  the  Anaomwpieroing  Sffeot  with  Spin,  Ibr  investlgatihg  the  effect 

of  this  factor,'  eharges  of  trotyl-hexogen  50/50  mixture  were  used  in  steel 
casings  with  a  eonioal  recess,  Dxe  ounulative  oavitiesClinings)  were  of  steel, 
3ho  experiments  were  carried  out  at  spin  velocities  of  20,000  to  50,000 
ipm.  Bie  charges  were  exploded  at  the  focal  distance  fiom  the  armour  plate. 

Bie  results  of  these  e^^jeriments  are  presented  in  Table  111, 


It  is  obvious  from  tho  table  that  with  incjreaae  of  calibre  -  the 
Uiarge,  the  negative  influence  of  rotation  ia  intenaified,  and  ^  a  large 
emtent  for  claaxges  v/ith  a  de^  conical  recess,  Ihis  is  esfjlainod  by  the  foot 
that  in  view  of  tho  Law  of  Conservation  of  Momentum,'  the  elements  of  tfae  jet 
vri.ll  have  an  angular  velocity  dotenained  by  the  moment  of  tiio  momentum  of 
tho  Liorrespondlng  lining  element  relative  to  its  instantaneous  asds  of 
spin,  as  a  result  of  "slasming".  2he  naoctamn  angular  volooity  of  tha  Jet 
is  determined  by  the  espresslon 


(76.1) 


'.dnere  (oo  is  the  angular  velocity  of  the  clurge,  /^g.ls  the  base  radius  of  the 
cone,  fic  is  the  base  radius  of  the  cone(pestle)  after  its  total  oos^ressioru 


Table  m 

Sffeot  of  &sdn  on  the  anaour>pieroing  action 
of  cumulative  charges. 


Diameter 

of 

charge,  nm 

Parameters  oi 

cone 

Wall  iliicte- 
ness  of 
linlng,Bia 

Depth  of  peno- 
tratlon,mn. 

Seduction 

in 

armouiw 

piercing 

effect,^ 

Diameter 
of  base  of 
recess,'  m 

■A 

7 

Without 

^in 

'  n  e  20,000 

r.p,m. 

52 

26 

a 

1.0 

45  +  6 

57  +  4 

20 

55 

44 

B 

1.5 

77  +  1 

57  +  2 

26 

76  ■ 

56 

B 

2.0 

162  X  6 

90+5 

52 

52 

26 

2 

2.0 

74+5 

44+5 

51 

76 

56 

2 

2.0 

205  +  5 

B2  HK  2 

60 

Here  refers  to  the  pestle  and  not  to  the  jet^  since  at  tho  instant 


they  have  idantioal  EOigiilai'  velocity* 

It  follov/s  from  (76,1)  that  with  increase  in  oalihro  of  the  charse,' 
the  angular  velocity  of  the  jot  increases  considerably,  which,'  as  we  shall 
show  below,  has  a  negative  influence  on  its  stability. 

Effect  of  Annie  of  Flare  of  the,.  Cone  on  ArmouiwpierciTyT  Effect,'  as  a 
Result  of  Snln.  With  the  object  of  investigating  the  effect  of  this  factor, 
tests  were  carried  out  v/ith  76-m  cunwlative  charges,'  having  coirLcal  re¬ 
cesses  and  an  angle  of  flare  of  60°,'  55°  and  27°,  lEho  results  of  these  tests 
are  presented  in  Table  112, 

On  the  basis  of  the  data  in  Table  112/  we  can  draw  the  following  coz>> 
elusions  * 

1*  A  high  cone  with  a  stationery  e;^losion  guarantees  greater  anuour- 
pieroing  effect  than  a  low  oone.  This  is  explained  for  the  most  part  by  the 
fact  that  with  a  high  oone,'  a  greater  length  and  greater  velocity  of  the 
cunulativo  jet  is  attained. 

2,  Hie  negative  effect  of  ^in,'  for  approxLmateJy  equal  conditions,'  is 
intensified  with  decrease  in  the  angle  of  flare  of  the  oone.  This  is  e:q)lalned 
by  the  fact  that  a  long  jet,  because  of  twisting  under  spin  oonditions,'  ir. 


less  stable. 


Table  112 


Effect  of  thcj  flare  angle  of  the  cone  on  the  arraour-piercinB 


action  of  spinning  cumulative  ohai-ges 


Shape  of 
recess 

. 

Parameters  of 

_ .7'ftr.nna _ 

Penetration  effect,  mm. 

Seduction  of 
armour-piercing 
effect  by  ^in,' 

%  . 

1 

Tm» 

B 

Without 

i^in 

n  n  20^000 

Cone 

27 

56 

2.0 

205  +  5 

82  +  2 

‘  60 

Cone 

35 

56 

1.2 

160  i  5 

80  +  8 

46 

Cone 

60 

56 

UO 

150  +  5 

90+5 

32 

I^yporbola 

- 

56 

2,0 

160  +  5 

35  i  5 

47 

The  effect  of  i^ln  velocity  on  the  axmouzvpieroing  e:^ect  is  ahom  in 
Table  IIS. 


Table  US 

Effect  of  spin  velocity  on  the  aroouiN-pierolng  effect 
of  cumulative  charges 


Parameters 

Depth  of  penetration,  mm 

of  recess 

o  S 

8  fi, 

11 

e 

o  S 

8  A 

It 

K 

Diameter 

of 

charge, 

mm 

Shape  of 
recess 

i  : 

;  1  ^ 

,  i 

,«N( 

:  ^ 

•  ^ 

a 

8  A 

II 

e 

76 

Cone 

56 

fl 

205 

120 

U5 

98 

82 

76 

I^erbola 

56 

Bi 

160 

ISO 

_ 

ISO 

100 

86 

In  Table  114,'  data  are  presented  characterizing  the  effect  of  spin  as 
a  fbnotion  of  the  distance  of  the  charge  from  the  armour  plate,  76-inm  charges 


<^35 


vd.th  conical  roccaoes  were  tested. 

It  can  be  seen  from  the  table,  that  by  eig>lodinc  charges  with  a  conical 
recess  (/i/hbu.,  =  I  )  under  atationaiy  conditionsV  the  cumulative  Jet 

possesses  a  quite  stable  amour-pieroins  effioienpy  at  distances  betvreen 
charge  and  armour  plate  equal  to  twice  the  calibre.  However,  the  negative 
influence  of  spin  on  armour-piercing  capability  of  a  cumulative  jet  commences 
to  be  effective  even  at  veiy  short  dls-sancos  between  the  charge  and  the  armour 
plate,  which  testifies  to  the  rapid  disruption  and  brealeflown  of  the  jet  xmder 
spin  conditions. 

Table  114 

Relationship  between  armoui'-pieroing  action  (depth  of 
penetration,'  mu)  and  the  distance  between  charges  and 
armour  plate. 


Distance  betiToen  charge 
and  azmour  plate,  mn 

Spin  velocity 

10 

40 

76 

152 

Without  spin 

100 

152 

- 

120 

20,000  r.p.im 

70 

90 

70 

40 

In  studying  the  question  of  structure  and  the  reasons  for  disruption 
of  a  cumlative  jet  as  a  result  of  ^in,'  it  is  particularly  interesting  trom 
the  point  of  view  of  principles,  to  determine  the  behaviour  and  operating 
regime  at  relatively  far  distances  from  the  point  of  explosion  of  the  charge, 
at  which  are  observed  quite  distinct  synptoms  of  disruption  of  the  Jet,'  even 
as  a  result  of  normal  stationary  explosion. 


77,  Concerning  the  Stabili-ty  of  a  Cuinulative  Jet 


Pimre  1S7.  Effect  of  a  76-inni  ouau- 
lative  charge  on  a  slab 
(distance  befeveen  charge 
and  slab  4. 5  m  ), 


Hie  results  of  investigations 
permit  the  conclusion  to  be  drawn  that 
the  most  importunt  initial  forms  of 
disruption  of  the  jet  appear  to  be 
in  the  following  : 

1,  In  the  breakdown  of  the  mono¬ 
lithic  nature  of  the  ,jet  under  the 
action  of  velocity  gi'adients,  as  a 
consequence  of  which  d-isintegration 
of  the  jet  takes  place  into  a  large.  ■ 
or  small  numiber  of  elements.  As  a  re¬ 
sult  of  large  gradients^  Intense  dis¬ 
integration  of  the  jet  may  occur,  and, 
as  a  consequence  of  this,'  it  is  con¬ 
verted  into  a  stream  of  finely  divided  metallic  particles, 

The  fall  in  armour-piercing  capability  ivith  distance  in  the  given  case 
is  a  conse(^enqa  of  the  reduetion  in  density  and  radial  divergence  of  the  jet 
because  of  the  resistance  of  the  air,  Figure  187  shows  the  zone  of  lethality 
(holes  and  indentations)  of  20-nm  armour  plate  of  a  76-nn  ouEulative  charge 
at  a  distance  of  4,5  m,  from  the  site  of  explosion  (this  zone  is  alliptioal 
In  shape  with  semi-axes  c  »  18  am  and  i  ts  38  cm). 


2,  In  the  expansion  of  the  jet  and  its  subsequent  radial  disintegration 
under  the  action  of  the  energy  of  elastic  conpression,"  accumulated  in.  the 
jet  during  tho  period  of  its  formation.  A  similar  type  of  disruption  is 
distinctly  observed  with  jets  from  lead,'  whioh  has  a  large  volume  oorpressatility. 


Die  nature  of  tlie  jet  fomed  by  a  lead  lining  is  shorn  in  Figure  188, 
Fipure  138.  Lead  ounnlative  jet  : 

a  )  -  charge  prior  to  explosion#  *)  “  formation  of  lead.cum- 
lativa  jet#  12  microsec  after  explosion. 


3,  In  the  twisting  of  the  jet  as  a  consequence  of  asymmetry  of  the 
e^qplosi-TO  inpulse  or  of  the  cumulative  crater,  which  leads  to  deviation  of 
the  individual  elements  of  ihe  jet  from  their  normal  trajectory  and  to  a 
reduction  in  the  armui'-pieroing  efficiency  (Figure  189),  Hhis  form  of  instar- 
billty  for  the  appropriate  conditions(in  the  case  of  a  relatively  large 
twisting  of  fho  jet  and  its  destruction)  may  lead  to  the  formation  of  trao  or 
more  perforations  in  the  armour  plate. 

Figure  189,  Destruction  of  stability  of  a  cumulative  jet 


Tidotijig  of 


Under  actaol  conditions  of  usage  of  cumaative  charges,  th.e  possihili-ty 
sliould  not  be  excluded  of  the  simultaaioous  appearance  of  all  the  factors  which 
we  have  enumerated. 

Under  conditions  of  stationary  ejqjlosion,'  disruption  of  the  jet  is  only 
sufficiently  noticeable  at  relatively  large  distances  from  the  site  of  the 
ej^losion,  Ho\7ever,  as  a  result  of  rapid  spin  of  the  charge,  the  jet,'  under 

Pimra  19a  Effect  of  a  spinning  cumulative  Figure  191,  Effect  of  non- 

charge  on  an  obstacle  spinning  cumulative 

(n  a  20,000  r,p»m)  charge  on  an  obstacle. 


the  action  of  centrifugal  forces  may  even  undergo  more  profound  disruption 
at  once,'  associated  with  ihe  increase  in  the  extent  of  tvTisting  of  the  jot 
and  with  ■the  radial  dispersion  of  its  individual  elements,  'ihe  phenomena 
mentioned,  at  distances  relatively  close  to  the  charge,  should  lead  "fco  an 
increase  in  the  diameter  of  the  hole,  to  brealcup  of  the  jet  wi-th 
simultaneous  reduction  of  -the  d^th  of  pene'tration,  and  at  larger  distances 
to  practically  total  elimination  of  -the  armour-piercing  ef^’ect, 
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Th.o  considerations  mentioned  are 
fov’jad  to  Ijc  in  oorr^lete  agreement  vrith 
the  results  of  experiment,  Thus>  for 
exarple,  Piguro  190  shov;s  the  effect 
of  a  coiTulative  jet  on  an  obstacle 
under  conditions  of  explosion  of  a 
charge  havlns  £>•  ^in  velbci't^'  of 
20^000  r.p.m.  In  the  given  case,  as  a 
consequence  of  tlio  disiuption  of  the 
jet,  several  indentations  were  formed  in  the  armour  plate,  vMoh  vrere  spread 
over  a  relatively  largo  area,  The  results  of  tiie  action  on  anaour  plate  of  a 
similoi'  charge  as  a  result  of  stationary  ejplosion  and  identical  distance  from 
■the  obstacle  ore  shown  in  Figure  191, 

A  steel  screen  with  a  thicloioss  of  20  m  was  placed  in  the  path  of  tJie 
cumlative  jet  from  a  76-mn  diarge  at  a  distonoe  of  126  cm  from  -the  oJiarge, 

Die  nature  of  the  damage  to  the  screen  as  a  result  of  stationary  ex-ilosion  is 
sho'/m  Pig.  192,  and  -the  same  ivi-th  ^in  is  shovai  in  Pig,  192, 

On  -the  "basis  of  the  data  presonted,'  it  con  he  concluded  that  the  observed 

<» 

differences  in  dls-fcurbance  of  the  stabill-ty  of  the  jet  as  a  result  of  spin 
and  under  contUtions  of  sta-tionary  explosion  are  only  of  a  quantita-tivo 
na'fure.  Disruption  of  the  jet,  observed  ivith  s'fcationary  explosion  at  rela^- 
tively  large  distances  from  the  ohorgo,'  occurs  at  considerably  sjnaller  dis¬ 
tances  irLth  spin. 


Pinire  192.  Action  of  a  non-spinning 
cumulative  charge  on  an 
obstacle.  • 


The  deformations  of  a  cumulative  charge  as  a  result  of  possible 
asyrmietries  of  the  explosive  impulse  and  of  the  lining  were  investigated 

a«>r.tlcaiy  by  KSOT.  ftem  ^ 


evm  with  8li«ht  of  the  ouioilative  lining  or  of  the  ejtplosive 

«iBplao«nant  of  the  centre  of  foJnnation  of  the  jet  takes  place 
THgire  19S.  Effect  on  an  o'hstacle  of  relative  to  the  primaiy  axis  of 

a  spinning  ouinulRtive  the  charge.  In  connection  with  this, 

charge.  an&  also  as  s  consequence  of  the 

ohsnga  with  respect  to  tLae  of  the 
glrection  of  the  initial  velooities 
of  the  jet  elements,  trrLsttng  of 
the  Jet  occurs, 

iooording  to  LgVRBffZEV,  this 
i^e  of  disruption  of  a  ousulstlve 
jet  la  more  fre^ently  snoounterei 
in  praotloe  and.  is  the  prlmazy 
reason  for  tiie  negative  influenos 
of  9ln  on  the  sTaouxvplerolng  pro- 
pertleB  of  euaulatlvs  ohsrges.  As  a 
result  of  this  he  proceeds  to  the  follondng  oonslderstl ona, 

Assfimetry  of  the  explosive  ir^pulse,  to  seas  degree  or  other,'  almost 
tlw^m  ooours  in  actual  charges  as  a  consequence  of  the  deviation  of  the 
axis  of  the  reoeas  from  the  axis  of  the  lining,'  inoorreot  i>osltioning  of  the 
detonator,  ud  a  nunber  of  other  reasons.  However,  under  oondltlona  of  statiox^ 
azy  ea^loslon,  the  initial  twisting  of  the  jet  will  lie  reduced  as  a  oonsequenoe 
of  two  stakillsing  factors  :  the  effect  of  the  air  medium  and.  the  stresses  in 
the  jet,  which  ori4inata  'because  of  its  extension,'  as  a  result  of  which  the 
jet  w^ll  ‘be  straightened,  cut. 


Confiaix5G  ourselves  to  an  analysis  of  .  the  second  factor,  the  jet  can 
he  considered,'  to  a  fi;  .'j  approxiination,  as  a  jet  wiiiola  is  under  a  tension 
po  as  a  result  of  plastic  floAV.  The  frequency  of  oscillation  of  a  strinc, 

and  consequently  also  the  jet,'  is  detemined  hy  the  vreUL-lmov/n  formula 

tt.  -  f  p 

■'  =  — K  T’  (77.1) 

vAiere  ./-is  the  length,  p  is  tlio  tension  and  p  is  the  density. 

If  wo  assume  tnat  p  =  4  •  10®  k^cm^  and  /  =  5  ca(the  element  of  the 
jet  with  the  most  clearly  defined  antinode),  then  we  obtain,'  in  accordance 
with  formla  (77.  l) ,  tliat  the  time  required  for  the  antinode  to  die  out  is 

/o  <  5  •  10'‘  , 

i,e,  v/ith  a  velocity  of  the  rear  portion  of  the  jet  »  4  •  10®  c/sec,  the 
antinode  will  ha  wiped  out  vdien  the  element  of  jet  hoing  considered  traverses 
a  path  a  s  2  cm. 

Thus,  on  tie  froe-fligiht  path  of  the  rear  portion  of  the  jet  to  tic 
amour  plate)  the  stabilising  factor  under  consideration  may  considerably 
reduce  the  amplitude  of  the  jet,  LAVBK'IT'ISV  notes  that  for  the  asynmotries 
eidsting  in  actual  cliarges  and  for  angular  v'elooities  of  the  lining  of 
5000  -  15,000  r,p.m,,  the  centrifugal  forces  are  found  to  he  greater  than 
the : stabilising  forces  from  the  tension  of  the  jet. 

As  a  result  of  the  motion  of  a  spinning  jet,'  its  antinode  \vill  increase^ 
the  rear  portion  of  the  jet  vdll  not  strike  the  hole  pierced  hy  its  leading 
portion;  the  energy  of  the  rear  portion  will  be  ep^ended  on  piercing  a  second 
hole. 

In  oonclusion,we  note  that  the  factor  wo  have  considered  cannot  ho  recog¬ 
nised  as  the  sole  casue  of  the  negative  influence  of  ^in  on  the  cumulative 
effect,'  Side  hy  side  with  t\7isting  of  the  jet  ,'  and  a  no  less  important  foim 
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of  disru;ption(as  iruliontea  by  numerous  pbxitoijraphs)  is  disintegration  of  the 
jet  into  discrete  particles. 

A  simple  ooloulation'  sliov/s  tiiat  under  the  action  of  tine  centrifugal 
forces  ,  and  during  the  process  of  motion  of  the  spinning  jet,  quite  con¬ 
siderable  dispersion  of  it  iwy  occur  radially. 

In  fact,'  the  maxinuia  centrifugal  forces  originating  in  the  jot,'  can  be 
determined  by  the  formla 


2  2  /  A  c\^ 

p  =  Po''o“  —  V  /■„  j '  (77,  2) 

Tvhere  is  the  Initial  diameter  of  the  cumulative  jet,  po  is  the  initial 
density  of  the  jet, 

She  centrifugal  forces,  originating  in  a  jet  as  a  result  of  firing  a 
76-inm  cumulative  missile  from  a  15-calibre  gun,'  oaloulated,  by  the  formula 
given  are  approximately  equal  to  1800  k^^cm^. 

Under  the  action  of  the  centrifugal  forces,'  divergence  of  the  jet  should 
occur,  wiiich  is  a  function  of  time,  Die  acceleration  acquired  by  particles  of 
the  jet  is  determined  by  the  expression 


£V 

dn 


(77.5) 

where  r  is  the  radius  of  the  jot,'  t  is  the  time  and  ■  w  is  the  angular 
velocity  of  the  jet. 

On  integrating  this  differential  equation  we  obtain 


>7 -T  („.4J 

ICncntina  the  value  of  ®.  =  500  the  ratio  i  oa„  eaeily  he  ooleu- 

lated  for  any  Instant  of  time, 

Die  total  -iime  of  motion  of  the  elements  of  the  jet  in  air  (over  a  path 
of  sc  mm)  and  of  penetration  into  armour  plate  to  SO  mra,'  amounts  approximately 

6  /■/ 


to  ,  f  ss  3  •  lo"*^  sec  for  the  case  \ve  are  considering, 

Ihe  results  of  the  calculation  show  that  at  this  instantj  the  dianetsr 
of  the  jet  is  increased  hy  and  its  lethality  area  hy  56^  The  average 
density  of  the  jet  is  corre^ondingly  reduced  hy  50^  This  result  is  foundt 
to  he  in  accordance  vrith  tlio  reduction  in  penetrability  (by  wliioh  v/as 

laid  down  in  our  expe^-iinents  on  spin. 


Super  Kigh-^eed  Cumulation 


It  is  of  great  interest  in  ej^oriioental  physics  to  obtain  gaseous  and 
loetallic  jets  which  are  moving  with  velocities  of  around  several  tens  of  kilo- 
metroa  per  second.  In  addition  to  the  use  of  povrarful  eleotripal  charges, 
leading  to  similar  velocities  of  motion  in  plasmas,’  it  was  shown  by  the  work 
of  1.7*  KUBCHATOV  et  al,  that  cumulation  methods  can  be  used  for  obtaining 
such  high  velocities. 

By  analyzing  the  baslo  relationship  of  the  theory  of  oumulation 


it  is  easy  to  sattsfy  oneself  that  the  velocity  of  a  cumulative  jet  increases  ' 
with  decrease  of  the  angle  «  .  Hence  it  follovrs  that  if  the  velocity  of  '^alett'* 
Wo  of  the  elements  of  the  lining  is  sufficiently  large(  which  can  be  achieved 
by  the  correct  choice  of  explosive,  lining  metal  and  other  parameters  of  a 
cumulative  chc-rge) ,  then  for  sufficiently  small  values  of  ®  an  extremely  high 
velocity  oan  be  achieved,  in  principle,  for  a  cumulative  jet.  Such  velocities 
can  bo  attained.  In.  partioular,  under  conditions  of  aohievomont  of  cylindrical 
cumulation. 

It  has  been  shovai  in  a  series  of  works  by  Amierloan  scientists  that  by 
using  cylindrioal  tubes  made  of  light  metals  as  linings,’  the  lateral  surface 


of  vMch  is  enclosed  in  a  quite  thick  lay  of  e:^3losivo,  a  velocity  of  around 
several  tcxis  of  kilometres  per  second  C'"  %-w  ensured  in  tho  leading  portion  of 
Pinure  194»  A  Shaped  (Cuntilativo)  charge.  tho  cumulative  Jet.  Ihe  maximum 


1  -  Detonator j  2  -  Heavy 


velocity  of  the  ourualative  Jet, 


lens,  3  -  Explooive  charge,  equal  to  90  ka/aeOf  vras  attained 
4  -  Cumulative  lining.  Tty  using  tubes  of  'beiyllium,  the 

specific  gravity  of  v/hich  is  1.5. 

_ A  BhapedCoumulative)  charge  is 

_ j _  shown  diagranmatioally  in  Fig.  194-. 

I  I  ^  As  a  oonsequenoe  of  iJje  non- 

I  st&ultaneous  arrival  of  the  deto** 

!  nation  ware  at  tho  different  ele- 

!  uents  of  -tile  lining^'  its  iii|>losion 

i 

I  shock,  in  spite  of  the  cylindrical 

- ^ — j-r-*> -  shape  of  the  lining,  will  still 

occur  all  over  at  a  certain  angle, 
which  will  Increase  according  to 
-the  extent  of  advancement  of  liie  detonation  wave  along  the  tube.  By  regulating 
the  time  of  arrival  of  the  detonation  wave  at  tho  various  elements  of  the  tube 
in  some  way  or  other,  tho  angle  a  can  be  altered  Miithln  certain  limits,  and 
thereby  a  given  velocity  distribution  in  the  oumulativo  Jet  oan  Tie  assured, 
for  the  maximun  possible  velocity  of  its  leading  portion. 

Jhc  parameters  of  -  a  cumulative  Jet,'  in  tho  case  of  cylindrical  shaping, 
oan  be  easily  oaloiilated,  First  of  all  ws  sstiTn?*"  the 

i;icmcr.to  of  i-h-  iiiuns  converg'i  tov/-aj.'cls  the  axis.  We  shall  give  the  solution 
for  the  plane-  wave  case,'  obtained  by  BADM  end  SIANYUK0VIC5H. 


Wo  shall  CETOloy  for  the  oolcolatloii  the  schemo  for  vrf-iioh  tho  detonation  vrave, 
ourvod  by  the  "lens",  begins  to  excite  the  active  portion  of  the  charge  at  a 
distance  He  from  the  metallic  lining  (Eig,195),  Iho  front  of  the  detonation 
vmve,  comenoing  at  tho  point  go  ,  reaches  tho  point  Xt  in  a  time 

,  ■  (78.2) 

D  < 

Eie  motion  of  a  given  element  of  tho  lining  conanenoos  exactly  at  this  instant 
of  time.  We  shall  assume  that  eveiy  element  of  the  lining  is  moving  along  the 
y  -  axis,  so  that  the  law  of  motion  of  an  element  of  lining  is  determlnea  by 
the  expression 

s  rfP  ~ 

Tihere  M  =  s«A  is  tho  mass  of  a  given  element  of  lining,'  s  is  its  area; 
h  is  the  thiotoesa  and  8  is  the  donSlty  of  the  lining  material.  Hence,' 


an  “  »A  ’ 


(78,4) 


Integrating  equation  (78,4)  with  respect  to  time,we  find  that  the  velocity  of 
motion  of  tijo  given  element  of  lining  is  -- 

=  =  (78.5) 

«. 

where  /  =  im  is  tho  inipulse  (nomontum)  transmitted  to  a  given  element  of 
lining  and  oaloulatod  per  xinit  area  of  the  element. 
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Fif^ure  X95.  Deriva-tion  of  the  relationsihips  for  a  cumlative  charge 


with  a  cylindrical  lining. 


!I]he  pressure  acting  on  Ihe  given  element  of  lining  oon  he  determined 
approximately  hy  the  relationship 


P 


(78.  6) 


v!!,iore  the  quantities  po  and  /i  depend  on  the  coordinate  to  of  the  given 
lining  element.  It  may  he  assumed  for  this  that  the  inpulse  imparted  by  a 
given  element  of  explosive  to  a  given  element  of  lining  is  constant  and  is 
independent  of.  ko.  .  Ihe  monentum,vMch  the  detonation  products  develope  in 
a  given  direction  (’.viihout  connecting  masses) having  a  mass  m  is  determined, 
aa  m  loiow,'  hy  the  eapression 

(78.7) 

As  a  result  of  this,'  half  the  mass  of  the  eoplosion  products  moves  to  one  side, 
and  half  to  the  other  side,'  She  total  momentum  is  equal  to  zero,  the 

fiSrooB  acting  as  a  result  of  the  ejplosion  are  internal  forces.  On  reflection 
from  an  absolutely  solid  wall 

4<.n=2/o  =  4'^'^-  ■  n'\ 

1/  the  'e  ir.  enc‘)o?''d  in  a  metal  case,  and  the  mass  of  tho  wall  of  the 


case  ooixespondlng  to  the  mass  of  a  given  element  of  explosive  is  . 


•(78,15) 


As  a'result  of  sUdiiis  of  the  detonalion  wave 

Po^Pi-  (78,16) 

It  oar  be  asfiume&  in  ‘tiie  general  case  that 

where  is  ihe  angle  between  the  front  of  Ihe  detonation  wave  and  the  lining 
Sxpreaslon  (78,17)  oan  be  oonveniently  written  in  the  form 

fc  = /»(  [l  +  ^  C05*pj . 


fiaie/ sinoe  cos'p 


■  V*  ■ 

y<s- 


Po^Pl 


and  4: 

MyJ  +  27^> 


^27W+yS)  ‘ 

Using  relationahips  (7&7)j;  (78.11)  and  (78,19)  we  obtain 


(78.18) 
'  '  ,  we  have 

(78.19) 


■  riU 


4S(^Dri  Sf^D  MyJ  +  274fJ 


27 


(78,20). 


y*iono9  it  follows  that 


Dtt  =  /xi+yi-32y,N 


(78.21) 

ShURji'  in  Ihe  spipxvximate  law  for  the  fall  of  pressure  with  tljne  at  the 
boundary  of  the  wgploaion  produots  and  the  lining*  we  Imow  all  the  oonstants 
(Po,  to,  (i)..  In  particular *■  if  ro«0,  4(0  =  //.,'  VW,  =  0,  Afi  -*.od,  then 

'  and  Oti  =0  *  wbioh  fpllows  from  the  theory  of  refleotlon  of  a  detonation 
wave.'  Since 


where  .  i7=.o„(rn). 


\iamO) .  we  find 


»  (*w*’  a  given  \  yo  ),  then*  on  using  egjiation 


Integrating  equation  (76.  22)  iii-Ui  reepeot  to  time>  ve  :^lnd.  tiie  law  of  notiou 
of  the  given  ti-ement  of  lining  t 

— 24+-^JZ>|^  ]•  ■  (78.2S) 

Sinoe 


^•“'^'27  (>5+:^* 


D  64ji5  +  27*J 


eqjiation  (78*22)  aasuaes  the  fozm 


.  16  Pi»^  (<-<o)* 

y^wmrT^' 


(78,34) 


or 


..  *  V,  D(t  —  it)*_ 

y*isr“ss — i-h 


(78.25) 

Baowlrg  y’=‘  y(t,  Xa)  ■  »  it  1b  oaagr  to  ietexmlne  the  onjPle  b  i*'  at  uhloh 
a  given  element  of  Jlning  reaches  -the  plaxie  of  gjnanetzy* 

It  is  oh-vlous  -that 


tMCf : 


’(•Si),' 


(78,26) 


tChe  velooi-lgr  whioh  the  given  element  of  lining  will  have  aa  a  result  of  this  is 


te»,= 


(78.37) 


imy  small  anf^es  (and  it  is 


Since  -the  -velooiiy  of  -tiie  Jet  is 
precisely  -these  small  anefl.es  ia  which  we  are  in-beres-ted  for  obtaining  high 
VBlooitios)  ,  •;  then 


(^y\ 

®»  a 

(  dy 

\ 

1 

«(<!» 


(78,38) 


««»AH6  cjipresaaon  ^78.25);  we  find  -that 


c  =  4  +  =t  V2Ay  (4  -  4)  + 


(78,129) 


where  j  e_,  _L  .  K. , 

^  8  H  HiiD' 

and  having  writtoa  equation  (78,28)  in  the  fom 

I  Wi  = 

•  ' 

we  find  that 


* 

\  Ju 


(78,80) 


Wl‘ 


-Ay[ 


‘'4  <«i  ] 

tixp  *~  dxti 


^  ~  V  ^  (/c  -  4)" 


where 


(78,81) 


(78,82) 


Jfi  _  Jr»  * 


M-37<|//yo 
[64y|  +  274J' 


(78,88) 


Xt  is  o1>vlouB,tha.t  for  ^=p  and,  a  =  0,  the  dii^erslng  mass  an  a  result 
of  this  however  is  equal  to  zero.  In  this  case,'  both  the  oppositely^looated 
parts  of  the  lining  are  in  oontaot,  and  the  prooess  of  Jet  foznation,’'  in 
general^"  is  not  oosznenoed,!  With  inorsase  of  time,  the  an^e  a  and  the  itiso 
perslng  mass  Inoreases,  Tiut  the  velooitir  of  the  Jet. falls,'  As  a  result  of 
this,  for  appreolahle  masses  passing,  into  the  Jet,  enormis  velocities 
of  around  100  kn/seo  oan  he  attained. 


Wa  find  the  lisLtiafi  w^ioBaions  for  small  angles,'  which  oorrespond  to 
small  values  of ,  xo  ;,  are 


(78.54) 


.  yo  #  _  Vo  —J!".  -^=5 

~D  ID  '  dxa 

Jfo  _  ■*^0  f  1 

Dy,'  dXa  ^'Jo\ 

a7tiH\ 

64yo/ 

(  ‘  V 

1,  ' 

\2D(-2:Pa  +  ^») 

J* 

4  paHD 

("-gy 

=  ■57  Ik  1, 

yo  I  '\^i\  ’ 

V 

—D-  +  2d) 

aoyo 

1 

1+ 

64  yo 

(78.55) 

(78,56) 


i  H  Pa  ^ 

'ir-h~r 


'-•g 


(78.57) 


It  is  oVvlous  that  the  naxisum  velocities  of  notion  of  the  Jet  vhioh 
is  formed  will  occur  for  aaall  values  of  Xt .  Bie  mMd.aMn  velocity  nlll  he 
for  xa*°0.'.  !l!he  energy  of  a  given  element  of  the  Jet  is  almost  equal  to  the 
energy  of  motion  of  a  given  element  of  lining;  this  energy  inoreases  with 
time,'  and  for  t  oo  attaina  its  maxiituin  valuer  ^Shr  ( ->  oo  , 


•s. 
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She  enezsy  of  a  given  element  of  the  Jet  is 

El »  -y 


where  Wi  is  the  velocity  of  the  given  element  of  the  Jet,’ 


Since  the  mass  of  any  given  Jet  element  is 


(78,68) 


(78,59) 


(78,40) 


/«,  =1 /«o  s  in*  y  (=« a, 

where  :  mg  Is  the  mass  of  the  given  eleiwnt  of  lixiing,  we  have 


_  6mtD*  f/‘fl  /,  ,  37  ■riH\»  . 

Ci=  2^.27  (^1  "T  64  y,  )  • 

Ihis  energy  Is  independent  of  the  qoantii?  ,V*o  . 

!Qie  momentum  of  a  given  element  of  the  Jet  is 


(78,41) 


^■“««®'  =  -STSSfe-0+lr-5r)‘-  (78.42) 

She  mofflentun  Inoreasea  according  to  the  eu.tent  of  Increase  of  j:,. 

Since  almost  the  aaxinum  velocity  of  motion  of  the  lining,  Wt  ,  is 
attained  for  relatlveSy  small  intervals  of  time,  el^sed  from  the  oonmenoe- 
meant  of  motloni’  there  is  no  neoesslty  to  withdraw  the  lining  ftom  the  plane,' 
or  in  an  actual  ease,'  from  the  asds  of  s^xmetxy  to  a  greater  distance,'  It  la 
sufficient  to  take  Jbr  'Oils  distance  a  value  around  (2  m  s)  uo  , 

Tbe  difference  between  the  BxL~is(yisaetrloal  case  aiid  the  ohosen  plane 
will  he  inslgolfloant, 

A  similar  elementary  theory  can  be  developed  for  linings  with  on  arbl- 
trazy  ourvo-linear  shape.  She  general  expressions  retain  their  form  for 
It  should  also  be  taken  into  account  -that  as  a  result  of  integra-ting 
expression  (78.5),  for 

(78. 4S) 

i*'e.  jj  idll  be  a  given  function  of  Xg* 

E-vlden-fcly  it  is  profl-tablo  to  choose  a  casing,'  ne-rortheless,  with  a 


reo-tilinear  shape,  but  somewhat  sloping  -towards  -(he  aad.a  of  symme-try  on  the 
side  oppoai-fce  from  -the  oomprossAon  (Slgl96)-. 

Lei  us  now  pass  on  to  detsKsinatioa  of  the  px-essure  and  temperature 
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resulting  fVom  iiie  intact  of  a  otumlative  jet  isitb,  a  solid  obstacle. 

As  a  result  of  the  ooUlsion.  of  tw>  auimlative  jets^  having  velooitLes 
of  around  100  kn/seo>  c<troitiel7  high  pressures  and  very  oonslderohle  'teo^era- 
tores  should  originate^  vrtild:!.  considerably  exceed  those  resulting  from  the 


collision  of  normal  cumulative  jets. 

In  order  to  explain  which 
equation  of  state  must  be  used  in 
tlie  given  oasa  for  describing  the 
collision  process,  we  first  of  all 
make  a  rough  eatlmato  of  the 
preasures.  originating  as  a  result 
o  f  this. 

The  problem  oonoeming  the 
collision  of  two  cumulative  jets  is 
equivalent  to  the  problem  of  inpaot 
vd-th  an  absolutely  rigid  obstacle. 

As  a  result  of  impact  with  the  ob¬ 
stacle,  a  shock  wave  originates  in  ■ 
the  cumulative  jot^  which  proceeds 
from  the  wall,  the  initial  pressure 


Figure  196.  A  Shaped  charge  ; 

1  -  detonator,’  2  -  heavy 
lens,  5  -  e:^losive  charge 
4  -  cusulative  lining, 


in  which,  as  we  know,  is  determined  by  the  relationship 

1 _ fo.  »  ’  (78.44) 

P  ■ 

where  Uo  and  po  are  the  velocity  ana  oenaiby  of  the  cumulative  jet,  andp.; 
are.  the  pressure  and  density  at  the  shook  front  \7hich  has  been  fomed, 

J.i  is  u'bvj,(3u,3  f;h.9t  'tflie  -pre  3»urx>  ,0.,-  'Vi'a.,'.'!.  f^.r 

vaduo  of  a  is  determined  by  the  equation  of  state  of  the  given  material. 


If,  ^vithin  the  range  of  high  pressures  which  are  of  interest  to  us,  we 
assume  the  equation  of  state  for  the  material  of  the  ji.t  to  be  of  the  form 
p==<4p“,  ,  then  the  limiting  density  p,.  vdll  be  determined  by  the  relationship 


Pi-  _  «+ 1 

P0~  n  —  1  ■ 


As  a  result  of  this. 


*Ui»  n -f- 1  '  P‘ - PoUo-  (78«4S) 

Equation  (78.45)  gives  the  maximum  pressure  p,  ,  which  originates  en  a  result 

S  2 

of  the  impact.  At  very  high  pressures  (around  10  kg/aai  ),  any  medivun  is  trans¬ 
formed  into  an  electron  gas,  and  for  thia  the  equation  of  state  '  p  =  /5p" 
actually  holds  good,  so  that  n‘“y  (as  for  a  monatomio  gas)  and  relationship 
(78*45)  assvunes  the  form 

/>).'.  =  -3p()«o.  (78,46) 

5 

i’or  uo  =  100  km/sea,  jo  a  1,5  g/cm  (beryllium),  wo  obtain  from  relationship 
(78,46)  that  P*  a  1.5  •  10®  kg/cm^,  which  cojaflrms  the  validity  of  the  esti¬ 
mate  of  the  pressure  which  wo  have  made,  and  which  gives  the  basis  for  oonsi- 
doiing  the  material  of  the  jet  as  a  degenerate  electron  gas.. 

It  is  well-known  from  statistical  physios  that  the  equation  of  state  for 


this  gas  is 


'  1  /  6«»  \  7  A»  f  N  \T 

5  \  j  ]  4»»«.  \  V}  ' 


(78.47) 


where  g  is  the  atatistloal  weight  of  the  particles,  N  is  the  number  of  particles 

in  one  mole,  m.  Is  the  mass  of  an  electron,  h  is  Planck's  constant,  equal  to 
-27 

6.558  •  10  org.soo,  V  is  the  molar  volume  of  the  subatanoe  at  the  pressure  p. 
Por  the  case  being  oonsidored,  g  =  /V  =  ZA'„  ,^where  is  Avogadro's  number 
and:  Z  the  number  of  electrons  in  an  atom  of  the  given  metal  (for  beryllivim  2  =  4), 

.  y  a  ^  . 

bhe  atau..'. 

the  pressure  o  (for  beryllium  p  .s  9g/mole),  niua,  for  borylliimi. 


1  _  1  fti  /  AN^  \T  i 

=  ps.  <  78.48) 

VTe  shall  ncjw  dalaulate  ths  teicporature  originating  during  the  process  of  im¬ 
pact  of  a  ouniulativo  jot  with  an  obstacle. 

The  first,  extremely  rough  estimate  of  the  temporature  can  bo  f'arried. 
out  for  the  following  oonsidarations.  The  internal  energy  of  the  medium  at  the 
ahodc  ffont  is 


£=='|-('t'o  — =  . 


For  a  degenerate  alootron  gas,  since  n  =  —  ,  vro  have 

We  now  trsnsoribe  equation  (78.50)  in  the  fc:  ..i 


E^Cml  =  W  P~  ‘ 
*  »  *  p 


(78.49) 

(78.50) 

(78.51) 


It  is  well-known  that  at  high  tenperatures,  the  atomlo  specific  heat  of  solids 

tends  to  6  -r;  —  -  TlL—j**  •  "the  given  case,  w»  assume  that 

gZ*ani«*&toni«  deg  »  w—  # 

.  «s  6  '^j^'at'SI'deg  material  of  the  jot,  then 
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3- 9- 1,35- 10'*  ■2.34. 10- * 
ST^TIg 


«1.1  •  10‘X 


(78.52) 


We  must  admit,  however,  that  this  teoperature  is  clearly  excessive,  sinoe  the 
speoific  heat  of  substanoes  existing  in.  an  electron  gas  state  is  an  inoreasing 
iVmotlon  of  tesperature. 

In  acoordanoa  with  this,  and  with  the  object  of  obtaining  a  more  precise 
estimate  of  the  temperature  which  is  of  interest  to  us,  we  shall  proceed  frou 
the  formula  for  the  specific  heat  of  a  degenerate  electron  gas 


whore  , 

and  k  is  ool-czmann'a  ontus-tniTt:.  equel  to  1.5P 


/A~~ 


(78.65) 


]?or  the  caao  we  are  considering  here,  relationship  (78i53)  assiaaea  the 


fOWQ 


^1. 


Substituting  in  this  expression  the  numerical  values  of  the  oorro spending 
quantities,  wo  obtain 

c,=:  2,877-  fiSi  , 
deg. 

We  now  tranafonn  equation  (78, 5l),  and  wo  obtain 

c,7’  =  2,877-*  =  |.  1.35. 1.35.  10>',  . 


whence 


r=.3.25. !()»% 


We  have  determined  this  temperature  on  the  assun^tion  that  the  material  of  the 
jet  behei.ve3,  under  impact  conditions,  as  a  degenerate  electron  gas. 

We  shall  now  verify  the  validity  of  this  assuo^tion. 

As  we  know,  the  oriterion  for  strong  dagooeration  is  *«C  1#  whore 


i.  i 

g _ 2**mfkV*T 


(78,54) 


Substituting  the  numerioal  values  for  the  respective  quantities  in 
equation  (78*54),  we  obtain 


D  =  4.73.  lO"'?,  (78.65) 

whence  it  is  obvious  that  at  temperature^  of  around  10^  —  10® 
i.e.  the  material  of  the  jet  at  the  instant  of  impact  oan,  in  fact,  be  oon- 
sldered  as  a  degenerate  eleotron  gas. 

Thus,  the  second  variant,  which  leads,  to  a  shook  temperature  of  around 
500,000°K  for  uo=3  100  loi/aeo,  is.  evidontly  quite  eoourate. 

It  follows  from  this  tliat  at  shock  velooitias  of  armiwd  ?f 


h  GUimilative  jet  will  poaBBR?  not  only  an  aiaiour-picroing  ootlon,  but 


also  a  powerful  annoui'-'buming  capability. 

At  impact  velocities  of  the  jet  of  around  IDO  km/sec,  +ha  appearance  of 
not  only  normal  radiation  may  be  expected,  but  also  harder  radiation. 
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EXPLOSION  IN  air' 

^79,i  fundamental  phs'^sioal  effects  oidginating  as  a  result 

of  an  ei^losion. 

In  the  overwAielming  majority  of  cases  e^losiona  are  created  with  the 
objective  of  a  i^eoifio  affect  on  the  medium  surrounding  the  source  of  the  exjt 

Let  us  analyse  in  more  detail  the  effect  of  an  explosion  in  air. 

Explosive  charges  may  have  various  shapes.  It  is  difficult  to  describe 
the  effect  of  oliarges  with  a  oomplex  shape,  however;  with  the  exception  of  the 
region  in  the  immediate  vicinity  of  tho  charge  it  is  always  possible,  for  paac- 
tloal  application,  to  reduce  the  effect  of  the  esq^osion  of  a  a^w^nflY^  oharge 
with  suffioient  accuracy  to  the  effect  of  a  spherical;  cylindrical  or  plane 
(ono-dlmenaional)  oharge. 

The  effect  of  the  explosion  in  tho  Immediate  vicinity  of  the  charge  must 
always  be  considered  separately. 

It  Is  known  from  experiment  that  the  explosion  of  a  charge,  not  differ¬ 
ing  greatly  in  one  dimension  with  respect  to  all  tho  dimensions,'  at  dlstanoes 
around  the  avoroge  dimension  of  tho  oharge,  is  equivalent  to  the  effect  of  the 
explosion  of  a  spherical  charge  of  tho  same  vceight.  In  to  uase  when  tho 
moasurementa  of  the  oharpe  in  one  dimension  oonsicTorably  exceed  .ts  size  in  the 
other  two  dimensions,  tho  effect  of  the  explosion  at  a  distance  around  the  mean 
value  of  the  smaller  dimensions  is  equivalent  to  toe  explosion  of  a  cylindri- 
oal  charge  of  toe  name  weight,  but  at  a  di stance  of  several  of  the  larger 
cS-iai-ge  sizes  it  is  equivalent  to  too  explosion  of  a  spherioal  charge  of  the 
same  weight. 
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Aa  a  result  of  tliis,  in  the  reg^-ons  distant  from  the  chaxge  end. 
around  tho  smaller  dimension  tho  effect  of  the  ejcplosion  is  equivalent  to 
the  explosion  of  a  charge  of  somewhat  less  mass  than  the  mass  of  the  charge 
originating  in  a  tube  (plane  e:q?loBion). 

Let  us  investigate  the  fundamental  physical  effects  originating  from 
an  e3<ploslo)i.  If  the  explosion  were  to  ocour  in  a  vacuum  (for  exanple^  at 
tlie  surfaoe  of  tho  moon);  th«i  the  products  of  the  e:qplosion«  having  a  fin¬ 
ite  pressure  (as  a  oonsequenoe  of  the  foot  that  lieat  Has  been 'liberate 
in  a  finite  volrune)  begin  to  expand  uninpededj  being  subjeot  to  the  lav/  of 
non-steady  motion.  As  a  result  of  this, at  any  given  instant  of  time  the  dis¬ 
tribution  of  pressure,  density  and  velooity  of  the  e^qpandlng  e^^losion  pro- 
duots  at  different  dlstanoes  from  the  origin  of  the  explosion  will  be  dif¬ 
ferent.  The  pressure  and  density  will  be  minima  in  the  outer  regions  and 
maxima  in  the  inner  regions  of  the  explosion  produqts  ,  but  the  velooity  of 
tho  gas,  on  the  oontraiy,  will  bo  a  maxlnum  in  the  outer  regions  and  a  mini- 
imm  in  tho  inner  regions.  In  the  oase  of  a  spherical  oharge,  tho  velooity  at 
the  centre  of  tho  e^qplosion  will  obviously  be  equal  to  zeiw;  in  tho  oase  of 
the  e:q)losion  of  an  arbitrary  charge  a  number  of  points  of  zero  velooity 
are  similarly  always  found  in  the  inner  regions, 

Ej^anslon  of  tho  o:q?loBion  products  in  an  infinite  "enpty"  apace  will 
proceed  unreatriotedly. 

For  an  analytioal  description  of  the  expanding  exj^losion  i^roduotsjwe 
shall  introduce  the  oonoept  of  "explosion  field",  ly  the  explosion  field  we 
shall  inply  the  region  of  space,  at  each  point  of  which  all  the  parameters 
aharaotorisirig  ths  ejyjlwsiuu  picduots  (pressure,  density, tenperature,  volo- 
oiV  eto;  oan  be  uniqueay  defined.  The  explosion  field  will  be  transient, 
since  at  ell  points  all  parameters  w?ll  be  ohanging  with  respect  to  time.i 


It  is  easertial  to  not©  here  also  that  the  maadjnum  velocity  of  dis¬ 
persion  of  the  ejtplosion  produots  \vill  correspond  to  the  velocity  of  propa¬ 
gation  of  the  houndaiy  of  the  explosion  prodjiots,  VJhereupon  for  dispersion 
of  the  explosion  products  in  vaouo  the  density  and  pressure  at  the  boundary 
of  iho  ejqploaion  products  •will  be  equel  to  zero. 

This  maxiiaujn  velooitj;  ^  of  outflow  of  gases  depends  on  the  shape 
of  the  eJ5)lociing  oharge>  on  liie  inherent  oourao  of  the  e:q>losion  prooea’s 
itself,  and  also  on  the  energy  of  explosive  'transformation  Q,  Bo'bween 
and  the  energy  of  explosion  in  tlie  ease  of  a  spherical  charge,  when  the 
explosion  produots  are  a  gas,  there  exists  a  alnj^le  relationship  s 


u 


mat 


(79.1) 


v^ere  [A  is  the  mean  adiabatic  index  of  the  expeaiaioxi  process. 
SV)r  typioal  ej^loslves  t 

iQ  ^  1  ,  It  —  -j- ,  11  000 

Ily  the  hypothesis  of  instantaneous  detona''J;ion 


(79.2) 


•u  =2 

which,  for  typical  explosives  gives 

tt„„  =  9000  in/«oo't 

In  'the  case  of  an  explosion  from  oondezised  explosives,  when  the  ex¬ 
plosion  products  are  not  an  ideal  gas  in  the  Initial  state,  tiiosa  sinple 
foxwlae  are  ohanged  into  somewhat  more  oonplex  ones.  But  tlie  v^ues  of 
the  maxlmuin  valooities  of  outflow  remain  praotioally  invariable  (of.Ohap.IX) 
thus,  for  a  real  detona'fcion  ==  12000  .'m/niap'  ;  for  an  instantanentis 


uevonaxlon 


>10  000  m/MO. 


For  the  detonation  of  'the:  most  powerful  explosives  (for  example, 
hexogen), the  maxdimun  velocities  of  outflow  amount  to  ,18'000‘  ra/,«eo.- 
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In  the  case  of  an  axploaion  in  any  other  mecHtirA,  the  process  of  dis¬ 
persion  of  the  e^losion  pmduots  will  take  plaoo  somewhat  differatitlj'-  tJuan 
for  dispersion  in  vaouo. 

regiKiea  of  dispersion,'  different  in  principle,  may  arise.  As  a  rea 
suit  of  dispersion  the  e^losion  produota  at  iiio  'boimdary  of  the  diaree 
"becln  to  interact  with  the  medium  surrounding  the  charge.  In  the  ease  of  a 
very  dense  medium  the  line  of  demarcation  ‘between  charge  end  medium  begins 
to  move  slowly  from  the  oentre  of  the  charge.  If  tlie  explosion  process 
ooourred  by  detonation,  tlien  the  detonation  products,  moving  behind  the  front 
of  the  detonation  wave  ^vill  move  more  rapidly  ttian  the  line  of  demarcation, 
and,'  on  striking  it,'  ^vlll  be  oonpressed,  !Die  pressure  of  the  detonation  pro¬ 
ducts  at  the  demarcation  line  will  increase  in  the  first  instants  of  time 
after  oonolualon  of  iiie  detonation  ;  only  after  the  lapse  of  some  time  does 
the  pressure  of  the  de'toftation  products  commanoe  to  fall.  If  tlie  medium  is 
not  very  dense,  then  iiie  lino  of  demarcation  between  1310  detonation  products 
and  tlie  medium  will  move  more  rapidly  than  tho  detonation  products,  and  at 
the  very  beginni-ng  of  the  expansion  process  tho  pressure  in  the  ejQplosion 
products  TdJ.1  fall. 

In  tho  first  case  considered  with  respect  to  the  detonation  produots, 
a  sliook  wave  comes  from  vdthin  the  line  of  danarjation,  being  the  oonsoquenoe 
of  tho  inpaot  of  tlie  detonation  produots  with  liie  medium;  on  reaching  the 
centre  the  shook  vrave  is  "transfomod''  into  a  rarofaotion  v/ave,  and  then 
evoiywhore  within  the  explosion  produots  the  pressure  begins  to  fall.  In  the 
second  oase  with  respect  to  the  explosion  produots  a  rarefaction  wave  issues; 
a  shook  wave  propagates  tlurough  the  medium,  iamodiately  setting  it  in  motion. 

!Qiua,  tho  stu(3y  of  tlie  dispersion  of  tho  explosion  products  in  any 
medium  is  considerably  oojiplicated  in  oonparison  with  the  study  of  dispersion 
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in  vacuo  and,  spealting  of  the  explosion  field  in  tlio  first  case,  it  is  neoes- 
ssny  to  detenrins  the  parameters  not  only  of  tho  detonation  products  Txit  also 
of  the  medium  sat  into  motion. 

However,  even  without  developing  the  theory  of  dispersion  of  tlis  explo¬ 
sion  produota  It  is  possible  to  evaluate  distances  at  v/hioh  the  effect  of  the 
explosion  products  v/xll  be  praotioally  no  longer  felt,  and  also  to  estimate 
tho  dd stances  at  which  the  shock  wave  will  act,  propagated  in  the  medium 
surrounding  the  source  of  ilia  explosion.  Plrat  and  foremost  it  is  obvious 
that  as  a  result  of  an  explosion  in  an  infinite  medium  the  explosion  prod'ucta 
over  a  certain  time  after  commenoement  of  diversion  occupy  a  certain  finite 
VDlmiie  ,  oorrespondlng  to  tho  residual  pressure  of  the  explosion  produota, 

and  equal  to  the  pressure  of  tho  surrounding  modlum  p*  , 

If  the  average  Initial  pressure  of  the  explosion  produota 

(in  this  case  the  isontropy  index  for  the  explosion,  products  |  ft  =»  3  ) 
and  the  residual  pressure 

A*,  “  P«  ® 

then  tho  finite  volume  is  easy  to  detemnino  from  the  follovdng  oonsi derations j 
for  -typical  explosives,  up  to  a  pressure  ^  2000  ns/ea  the  explosion 
products,  as  is  woll-knoivn,  expand  according  to  the  la^7  : 

,piP  — const =p^^  =  p^v>,  (79,4) 

where  0*  is  the  -volume  corresponding  -to  -the  pressure  p^  • 

Por  P  <  /?*  we  shall  assume  -that  expansion  proceeds  according  to  the  law 

■pv'  -=  const  ^pkvl  =  p„vl,  (79, 5) 

where 't=  1.2— :.i,; 

By  linking  these  two  laws  for  .p*  2000  iks/cB*  wo  shall  dazxLve  aooor- 

dingly  the  equation  of  state  of  tho  explosipn  products  and  the  elation  of 


Conservation  of  energy  (see  ChaptVIl) 


'70.6)  , 


Here, uo  is  the  initial  volume  of  the  explosion  produots.  Since  for  typical 
explosives  po '“J ,6  g/aV^  0^=7000  i«/«ec  ,the!i 

100000  ita/o**:  Wm*:  Y“4’; 


vfhano* 


for 


-!■  i. 

-2  =  50»  .  2000’  3.7  •  220  =  800; 

*<0 

7  =  4  —  =  SOT.2CK)0'^=1600. 
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Ihus,  tho  explosion  produots  of  typibal  03q>losive3  expand  "by  approxi¬ 
mately  800—1600  times.  In  the  case  of  a  spherical  explosion,  the  limiting 
radius  of  the  volume  occupied  by  tho  e^^losion  produots  will  be  10  times 
iP'eater  than  the  initial  radius  of  tho  oharge.  In  the  oase  of  a  oylindrioal 
charge  this  ratio  will  be  equal  to  approximateHy  30,  Ihus,  it  Can  be  con¬ 
firmed  that  the  effect  of  tho  explosion  produots  are  confined  to  extremely 
small  distances.  lo  this  it  al.iculd  be  added,  that  as  a  consequence  of  the 
instability  of  tlie  process  of  e:q)ansion  of  the  explosion  products  they  will 
attain  a  finite  boundaiy  by  means  of  a  number  of  damping  oscillations  near 
this  boundaiy;  at  first,  the  oJ^losion  produots,  having  expanded,  occupy  the 
maximum  volume,  in  excess  of  the  limiting  (by  30—40%' )  so  that  their 
■average  pressure  will  bo  less  than  pt ;  ■  then,  the  external  pressure  oont- 
presses  them  to  a  pressure  somewhat  greater  than  i  and  so  on.  Hov^'ever, 
there  is  aigriirivanco  in  analysing  oid.^  '.va  n.nd  first  cc.rs- 

presalon  processes,  after  wliioh  tho  prooess  praotioally  dies  away. 

We  note  now  that  in  reality  the  dividing  boundaiy  between  the  explosion 
products  end  tlie  medium  ,  being  initially  clearly  espressed,  over  a  time 

Ui- 


bGOoma  everywhere  more  and  more  diffuse,  ainoe  behind  the  shock  wave  front 
the  pressure  vdll  bo  turbulentj  a  turbulent  region  is  created  in  neighbour¬ 
ing  dividing  boundaries,  which,  on  intensifyins  will  erase  the  dividing 
boundary.  "Diffusion"  of  the  explosion  products  in  the  mecdum,’  however,  takas 
place  quite  slowly  and  only  after  oon^jletion  of  the  dispersion  process  does 
total  intermixing  of  the  explosion  products  take  place  with  the  medium,  S'or 
the  first  stage  of  diversion,  we  are  therefore  justified  in  speaking  of  the 
initial  dividing  boundary.  Knowing  the  finite  volume,  the  energy  (JScsj).  can  be 
determined  whioh  is  "bound  Up"  in  the  explosion  pi  odnota  : 


E  (79,7) 

“  - 

Slnoe  tlie  initial  explosion  energy  ('£/  )  is  detenilned  by  the  relationship 

£/ «=Po®«Q  =  «Q»  j  (79.8) 

where  m  is  the  masu  of  explosive,  then  the  energy  transmitted  tp  toe  medium 
(in  too  shook  wave)  will  be 


whence 


1 


(79.9) 


Taking  for  typiool  explosives  Q=.lkc.l/,i,  ^  -SCOy  Po '=•  1.6*/o.V 
we  find  that  for  1  ^«o.97  ;  for  t  =.|  ,  . 

The  overwhelming  portion  of  t2ie  explosion  energy  is  transmitted  to  the 
medium  sutroundlng  the  region  of  the  explosion;  of  course,  in  consequence  of 
the  inorcaso  in  entropy  and  a  corresponding  reduction  of  free  energy  in  toe 
chock  a  ocijidewoWy  less  portion  the  explosion  energy  is  trancmittod 

than  results  from  oaloulation.  As  we  showed  above,  part  of  toe  explosion  pro¬ 
ducts  ivlll,  prior  to  establishing  a  stats  of  equilibrium,  inove  towards  toe 
contra  mid  -wl]l  carry  about  V.  of  toe  e:q,lo3ion  energy.  Consequently,  about 


■I.VTO- thirds  of  thu  cjrpioaiou  enerrCf'  is  transmitted  in  the  primary  shock  vr&vo. 


’-'oreover,  the  surface  layer  of  explosives  in  a.  number  of  oo.ses  "burriS”  v/ith  in- 
cciTiplete  reloo.se  of  energy  and  thoi’oforc  liot  all  the  cneiy^/ .g; is  released,  but 
only  about  0.9— 0.8  E.t ,  irliich  farther  rcviices  the  energy  transmitted  iin  the 
siiock  vra.ya. 

In  the  case  whan  the  explosion  products  ore  represented  by  axi  ideal  gas, 
the  limiting  volume  is  calculated  according  to  the  formula 


v/heroupon 


1 

"0  \Pa  1  ‘ 


Iha  energy  transmitted  In  the  shook  wa.vo  is  . .  ' 

The  energy  trona'.;isaion  ooefficiant  for  the  shock  wave  ^^ill  be 


"ET 


L«i_  r_£2__i 


In  tho  case  when  Q™  1  ke«l/jt  po  “» 1.6  g/e«‘  ,  T  »  to  have 

114-=  0.94.  i 

'*6*5  * 

Iji  the  case  vfhon  T  s=  —  —li.  =s  0.86. 

Thus,  the  caloulo.tions  carried  out  for  a  non-ideol  and  for  en  ideal  gas 
arc  in  practical  agreement. 

Let  us  pass  on  to  the  appsroximato  evaluation  of  the  range  of  obsorvablo 
effect  of  tho  shock  veave  .for  an  explosion  iii  air.  As  a.  result  of  tho  impact  of 
the  detonation  products  on  the  air  ,  the  initial  presswo  at  the  shook  front 
c IOU--IUI.U  Wo»'i,  .out  i,nas  falls  rajiidlv  TO’.th  time. 

,  It  in  well-k.-.ov.-n.  that  the  velccity  of  propap.iHricr.  of  a  shod,'.  :.Vont  07). 
and  the  velocity  of  outflow  of  gas  behind  the  vrave.  front  (<//);  are  oonnected  by 


tiie  rciationsiiip 


vihcre  c»  is  tlic  veloci-ly  of  soxmd  in  quiescent  air.  As  a  result  of  propa¬ 
gation  of  the  shock  v/avc,  a  regime  is  rapidly  established,  for  v/nich  the 
velocity  of  outflow  of  the  gas  in  the  wave  is  almost  linearly  increased  from 
tlie  boundai-y  of  separation  to  tlie  shock  front.  Assuriiing  that  for  expansion  df 
the  explosion  loroducts  the  velocity  of  the  wave  front  is  times  greater 

than  tlie  velocity  of  the  boundary  of  separation,  we  find  the  distance  passed 
througii  by  tlie  sliock  front,  which  will  be  less  than  tlie  actual;  i.e.  somel^hat 
less  tlion  tlie  actual  dimensions  of  tlic  rjegion  occupied  by  the  shock  wave, 
since  the  velocity  of  the  shock  front  exceeds  tlie  velocity  of  the  boundary  of 
separation  by  a  factor  of  more  than  .  This  reduced  distance,  obviously, 

will  also  be  a  factor  of  greater  than  the  distance  traversed  by  tlic 

boundary  of  separation.  Tlie  length  of  tlie  shock  wavC’  will  be  1 

±pl  tines  less  than  this  distance.  Consequently,  for  a  spherical  explo¬ 
sion,  the  volumes  j'oioccupied  by  the  shock  v/avc  vdll  be  defined,  for  v  = 
by  -Uie  relationship 

V,,  oo^^l — ^l — 

wiicnce,  by  expanding  in  series  and  neglectirq;  terms  of  the  2nd' and  5rd  ord«3r 
we  obtain 


09>'-j(T  —  l)^®  =  0-6t/eoS«500Vo 

* 

-■  .  .  . ('=!)■ . ^ 

The  intrinsic  energy  of  the  air  enclosed  in  tliis  vol’ume,  by  comsev-ison 
irlth  the  explosion  energy  ti’anniittcd  in  tl-o  sJiock  wave,'  can  be  neglected, 
since  tlie  explosion  energy  per  Unit  volume  is  equal  to  '  ’.O'' 


-■  '1 


Best  Available  Copy 


and  tlie  cnar^jr  of  il’.c  cd.r  in  tlio  onti-  '  olumo  (for  ■=■  1  )  ia  equal  to 
500  •■  ■  ipa  >  ==  500- 10*  •2.5. 

■Thu'sJ''tho  ratio  of  tlio  enorey  of  tlic  air  to  the  ejroloaion  energy  is 
equal  to  ■ 

•  0.0076,  , 

ffl-ve  nvoraqo  air  prosoure  in  tlio  shook  wave  (assumins  all  the  enorgy  to 

ho  turhulent  )■  v/ill  ho  _ 

<  (t  —  1)  PoQ  -^  =  50  . 

,  ''oo  _ 

lhu3>  for  a  apherioal  e^xplosion  at  cUstanoes  from  the  oentre  of  the  ex¬ 
plosion  around  ^10— ,  tiic  average  presauro  in  the  shook  wave  vd.ll  he 
arci'n-sd  "50  ^am  ■*  •  Beyond  this  the  pressure  begins  to  fall  approximtely  in¬ 
versely  proportional  to  tlie  square  of  the  distaaioe  (  J  *  whioh,  at  a 

distance  of  25  fo  gives  W.'*.*’- 

Purtlier  out  the  fall  in  pressure  \vill  hs  less  intensive,  and  the  shod? 
VAVQ  itself  will  no  longer  he  strong.  Eaerefore,'  if  tJic  destriiction  is  detor- 
mined  hy  the  qjressuro  of  iiie  shook  wave,  then  a  distance  of  225— BO  oan  he 
regarded  as  the  llBiit  of  strong  effect  on  the  medium  surrounding  the  source 
of  the  explosion.  The  Impulse  of  the  shock  wave  (spooifio  Irjpulse)  varies 
approximately  as  [r”  since  ihe  duration  of  effect  of  the  shook  wave  is  piro- 
portional  to  i/o  . 

If  tl-10  donsity-and  potential  of  the  explosive  he  talcen  into  account, 

then  it  oan  ho  said  that  tlie  distanoe  of  finite  effect  of  tlie  shook  v/avo,  if 

i 

the  destruotion  is  determined  by  the  pressure,'  is  proportional  to  M*Q  ; 
and  for  liTi^ulsive  derfio'i -i.t’ on  thin  distance  i,?:.  proportionnT  „ 

-^or  a  cyliiiJi-ioal  ozq-'  osion 

I  Pa.  y,  >(7  —  1 )  I'm  6.41/00 »  300wo . 
at  a  distance  of  about  '30—40  ro  p,~<80  ,i«/ob*.  , 


—  I 

The  law  of  fall  of  pressure  up  to.  p 10.  Wo®’  v/ill  he  .•p~r~*.', 

Tlius,  the  pressure  of  TIO  vcg/c*:’  '  vri.ll  ho  attedned  at  a  distance  of 
around  150  ro.  The  distance  of  finite  action  of  the  shock  v/ave-;  vri.th  respect 
to  pressure  is  proportional  to  Y tAQ  ^  ,  and  \7ith  respect  to  inpulso  to 
In  the  case  of  a  one-dimensional  explosion 

<  V  oo  Voo  —  0.2 Voo  «  1 50^0- 

At  a  distance  of  around  1000  /■q^  the  average  pressure  p^  <  150  kg/e«^  ,  fjjrther 
out  the  fall  in  pressxire,'  up  to  a  pressure  of  about  :30  Avill  take  place 

according  to  tlie  law  p.j~/-‘  •  •  Later,'  the  pressure  'ivill  fall  nore  slov/ly 
*j).  The  distance  of  finite  effect  of  the  espxOwion  Tri.th  respect  to 
pressure  is  proportional  to  MQ,’  The  in^sulse  of  the  shock  wave  in  the  one¬ 
dimensional  case,  as  we  sliall  see  helow,  even  for  ir-»ooi  remains  finite. 

In  practice,  because  of  energy  losses,  accumlating  vdth  time  (mainly 
as  a  consequence  of  increase  of  entropy),  the  effect  of  the  shock  wave, 
especially  in  tho  one-dimensional  case,  vri.ll  he  manifested  at  distances  con¬ 
siderably  less  than  tliose  calculated. 

Let  us  consider  the  principal  i^eoicl  features  of  tho  effect  of  an  ex- 

I  _  1 

plosion  in  an  unconfined  liquid(in  water).  Expansion  of  the  explosion- pro¬ 
ducts  in  water  will  take  place  more  slowly  than  in  air,  in  consequence  of 
the  greater  resistance  of  water  to  compression.  However,  the  overall  disien- 
sions  of  the  caviiy  filled  by  the  explosion  px’oduots  will  not  exceed  the 
dimensions  calculated  for  the  explosion  in  air  if  tlie  intrinsic  pressure  of 


the  water  is  close  to  atmoq:)horic. 

Por  an  explosion  at  some  depthi  for  example  at  a  depth  of  100  where 
'P*=iOp,.  the  overall  volume  occupied  by  the  explosion  products  is  .Oeo«  iBOno.. 
Obviously,  tho  initial  pressaire  of  the  medium  exerts  a  noticeable  influence 
on  the  ma^^de  of  s.  .  .or  a  deep  exp>losicn  the  gaseous  cavi^bubble) 
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v/ill  graciually  float  to  t!ie  surface  because  of  the  marked  difference  of 
pressure  acting  on  various  parts  of  i fc.  Hov/evcr,  rate  of  ascent  of  the 
bubble  is  considerably  less  than  the  velocity  of  tho  processes  brought  about 
by  the  explosion  ;  the  explosion  itself  and  its  visible  consequences  are 
already  coniploted  at  the  ijistant  of  emergence  at  tlie  surface  of  tl^a  bubble. 
Uie  field  of  the  shock  wave  Created  v/ill  differ  sharply  from  tiro  field  of 
an  air  shock  wave.  The  cause  of  tJiis  ftifferenoe  is  obvious  :  in  the  first 
place  tlie  initial  pressirre  at  the  shock  front,  v/liich  in  air  for  the  most 

o 

ixrwerful  euploalves  does  not  exceed'  )5D0-i:2000  ka/om  ,  for  -typical  explo¬ 
sives  in  water  vdll  be  around  150  ,000  kg-^cm^  •  secondly,  in  consequence  of 
the  small  (relative  to  air)  conpression  of  the  water,  its  tenperature  v/111 
only  be  increased  sligh-tly  ;  as  a  result  of  this  ■Ura  increase  in  entropy  also 
will  be ,  small  and,  consequently,  'the  energy  carried  in  the  shook  wave  will  be 
"usefully"  expended  Ih  movement  of  the'  v/ave  (ta  meohanioal  v/ork,  and  xiot  in 
heat), 

Somev/hat  less  energy  vdll  bo  transmitted  in  tho  shock  Wave  of  de^  ex¬ 
plosions  than  for  explosions  in  air,  Olrus,  for  exaiple,  for  an  explosion  at 
a  depth  of  100  m  Cb=10/5,_.),  94^  of  the  explosion  energy  is  'traaomitted  in 
tlie  shook  wave  (for..  t==  j. ),  v^oreas  for  an  explosion  in  air  (for  ) 

97^  of  -the  explosion  energy  is  transmitted  in  the  shook  mve.  Ihis  differ¬ 
ence  is  small.  Consequently,  the  overall  effect  of  the  sliook  wave  in  v/ater 

will  be  somewhat  more  powerful  than  tlie  effect  of  the  shock  wave  i>n  air, 

of 

In  tile  initial  stage  of  expansioi:v(tho  detonation  products  tlie  pressure  in 
the  shook  wave  will,  in  the  case  of  a  spherical  and  cylindrical  explosion, 

. .  .  /  ' . s-.j.<iiaiieiy  according  to  thn  Iaw 

■Id  in  tho  second  case  according  to  tho  law  p~r'^\  In  the  case  of  a  one- 
dimonsional  explosion  tho  drop  in  pressure  inltlaldy  will  be  veiy  slow 
(up  to  rf^2Qr,  ).  Later,  tho  preesure  will  drop  according  to  the  law  p~.r-> 


In  attaining  an  average  pressure  in  the  explosion  products  of  around 
2000  the  drop  in  pressure  is  rotai'ded. 

These  data  relate  to  tlie  average  pressures  in  an  shook  wave.  The 
pressure  at  the  sliohk  front  will  fall,  in  the  case  of  a  spherical  explosion, 
also  aooording  to  the  lav/  ,  for  a  cylindrioal  explosion  according  to 

tlie  law  and  for  a  ono-dlmensional  explosion  aodording  to  the  law 

Pi  The  shape  of  the  shook  v/ave  in  water  will  differ  strongly  froa  the 

sliape  of  an  air  sliook  wave,  in  that  the  shock  wave  heing  oonsidered  will  he, 
even  in  the  first  instants  of  time  after  its  foymation,  cdaaraoterised  hy  a 
veiy  sharp  drop  in  pressure,  density  and  velocity  toeliind  the  shock  front. 

It  oan  he  said  that  the  maximum  densils'  of  energy  in  the  shook  wave  will  he 
looalized  within  a  vaiy  aiarrow  sone* 

The  ohaaige  of  density  at  the  front  of  a  powerful  shook  wave  in  water 
may  ha  considerahlo,  as  for  exanplcjat  a  pressure  of  around  100,000  kg/csm^ 

■Uia  density  of  water  attains  a  value  of  1,5  g/om®. 

The  limiting  distances  at  which  a  significant  effect  from  an  explosion 
is  manifested  are  of  approximately  the  same  magnitude  as  tliose  for  an  e:g?lo- 
sion  in  air. 

.  The  powerful  destruotive  effect  of  an  explosion  is  maarlfested  in  the  ' 
■^aoo  occupied  hy  the  explosion  products.  The  effect  of  a  water  sliock  wave 
in  volumes  larger  than  the  volume  occupied  hy  tlie  detonation  produots  is 

^  ^  insignificant,  despite  the  large  magiiitude  of  the  initial  pressures, 
since  tlie  pressure  dixips  extremely  rapidly. 

The  effect  of  an  exploBion  in  unrost^iotfid  earth  affects  volume.a 

. '  o^ansion  of  the  explosion  products  up-  to  am.s- 

pherio  pres, sure  ;  the  effect  of  ihe  explosion  near  tlya  ft-ee  surface  ,  as  is 
well..known,  is  acconpanied  hy  the  appearance  of  a  orater,  ilie  radius  of 

U1 


which  {fnQy  ;  as  a  result  of  this,  bursting  of  the  ground  occurs  at 

a  distance  in  excess  of  one  -  two  orders  of  the  dimension  of  the  crater. 

The  shock  wave  vAiich  is  formed  as  a  resi0.t  of  this  in  the  earth,  is 
not  much  different,  v/ith  respect  to  its  properties',  from  the  shock  wave  propa¬ 
gated  in  water. 

The  effect  of  an  explosion  in  an  unrestricted  me tallio( crystalline) 
medium  is  manifested  in  volumes  considerably  less  than  tlao  overall  volume  of 
the  detonation  products,  and  the  volume  is  defined  by  the  magnitude  of  the 
pressure,  yet  still  producing  noticeable  plastic  deformations  of  the  metal. 

If  we  assume  that  this  pressure  for  steel  is  roughly  p>-;  10,000  kg/cm^,we 
arrive  at  a  volume  which  only  exceeds  the  initial  volume  of  the  explosive  by 
a  factor  of  two  or  less.  Por  an  ejqslosion  near  the  free  surface  of  the  metal 
or  within  a  thin  metallic  casing,  part  of  the  metal  will  beorushed  and  the 
effect  of  the  explosion  vriLll  bo  acooraponied  a  fragmentation  effect. 

^80.  One-dimensio^l  dispersion  of  Detonation  Products. 

The  study  of  the  dispersion  of  the  detonation  products  in  the  sinple 
oae-diraenaipnal-  case  presents  considerable  interest  and  assists  in  tlie  expla¬ 
nation  of  the  fundamental  laws  of  dispersion  of  the  detonation  products 
resulting  from  explosion  of  a  spherical .  charge ,  and  which  will  be  discussed 
below. 

The  detonation  wave,  as  vre  already  knov/,  may  be  determined  from  the 
special  solution  of  the  basic  equations  of  gas  dynamics.  Since  one  can 
always  assujne  that  the  detonation  of  any  cylindrical  charge  is  initiated  in 
an  arbitrary  cross  section  0=**'  at  an  instaiit  6f  time  t  =  0,  ,‘th6n  for  the 
wave,  propagated 'to_j;he  the  equat^ion 

;  x=^iu  +  cU+F\u)' , 

will  hold  good,  vjhereipon  in  the  given  case 
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F(u)~0  and  u  —  — const. 

For  waves  propagatinc  the  left  ^  the  equations 

x  =  [u  —  c)-/, . 

,  2« 

—Const. 


wj,ll  hold  good. 

Since  at  the  front  of  the  detonation  wave 

«  ‘^1— F+T' 

__  -i 

then  for  the  "right-hand"  wave 


and  for  the  "left-hand"  wave 


For  future  caloulatioriS  it  is  advantageous  to  introduce  the  dimensionlees 
quantities 


vdiera  I  is  the  length  of  the  charge. 

Finally,  we  shall  write  the  equation  for  the  right-hafad  detonation  v?ave  in 
the  form 

O-^  —  tad,  Xit  —  Ot 


For  the  left-hand  detonation  wave  ve  have 

l  =  — a,  =  — (80,2) 

for  —  ^  •—  1 ,  •  0  ^  d  anjJ  7li.  =5  0. 

Let  Us  investigate  vrfiat  Iiajjpens  to  the  wave  propagated  to  -the  right  at 
the  instant  vdien  this  wave  reaches  the  homadary  of  the  oharge  end  the 


^7/ 


detonation  produota  oocrnionoo  to  diaperoa.  Vfo  shall  study  the  dispersion  of 
tha  detonation  produota  in  a  voouuai. 

Disneralon  of  the  Detonation  Produots  in  a  Vaouurc.  The  charaoteristio 
facial  feature  of  this  dispersion  is  that  the  velooitj'  of  motion  of  the 
partiolaa  at  the  front  of  tlie  dispersing  detonation  produota  gradually  attains 
its  maxinum  value  «  —  .0  =  (3A  —  1 )  ]/" defined,-  as  wa  know, 

hy  the  special  solution  , 

“-“iH — 

n  D  kD 

hr;:  c  =  0,  ' 

The  density,  or  the  local  valooity  of  sound  proportional  to  on  the 
contrary,  rarticea  in  stages  to  zero.  The  distrihution  of  velocity  and  density 
In  the  detonation  produots  can  he  found  only  in  the  ease  vjhen  vre  apply  the 
general  solutLons  of  the  gas-^ynamio  equations.  This  heoomes  clear  from  the 
following.  When  the  detonation  wave  reaches  tho  houndary  of  the  charge,  two 
waves  originate  :  one  of  these  may  he  interpreted  as  a  rarefaction  wave 
issuing  from  v/ithin  tho  houndary  of  the  charge,  and  the  other  wave  is  propa¬ 
gated  into  space.  Thus,  a  Rier.'jann  solution  is  no  longer  applioahl©  here, 
since  it  liolds  good  only  for  a  v/ave  travelliirg  in  one  direotion  with  con¬ 
stant  parameters  at  the  front,  and  the  rarefaction  wavs  travels'from.  within  the 
oliargo,  tho  parameters  of  which  are  varying  at  tho  front(sradual3y  decroasing). 
The  general  solution  must  satisfy  boundary  conditions,  in  partloular  the 
condition  of  coupling  the  nm  solution  with  tire  old  special  solution. 

If  the  dispersion  of  the  detoiw-tion  produota  takes  place  in  a  vacuum, 
then  for  a  oonplete  description  of  this  process  the  same  t-wo  gaa-dynei-riQ 
' quations  will  suffice,  which  we  have  used  up  till  now  .  if  the  dispersion 
takes  place  in  a  medium  of  specified  density,  then  ahead  of  tire  front  of  the 
detonation  promote  a'  shook  wave  with  variable  arplitude  is  created  as 


consequence  of  ^Yhich  the  entropy  at  its  front  vail  he  continuously  char^gins, 
and  a  coinplete  solution  of  the  problem  can  only  he  obtained  from  the  three 
£as-dynajriic  equations. 

V/c  aliall  limit  ourselves  for  the  present  to  dispersion  of  the  deton¬ 
ation  products  in  a  vacuum.  The  ne-.7  solution,  about  vmioh  we  have  ^ust 
sooken,  v/ill  hold  good  up  to  the  time  when  the  front  of  the  rarefaction  wave  do^s 
not  reach  the  point  of  first  order  discontinivity  of  tl\e  special  solution  for 
tlio  detonation  wave.  As  a  result  of  this,  another  solution  arises.  It  is  not 
difficult  to  see  tliat  it  v/ill  again  he  a  special  solutic since  behind  the 
point  of  first  order  discontinuity  the  density,  or  the  local  velociiy  of 
sound,  remain  constant,  but  the  velooily  of  motion  of  the  particles  is  simi¬ 
larly  equal  to  zero. 

Consequently,  tiie  vrave  triivelling  from  within  the  charge  vdll  possess 
constant  parameters  at  its  front,  i, e. properties  by  which  the  Riemann  wave  is 
precisely  characterised,  This  special  solution  gives  the  relationship  bet-veen 
the  velocity  and  tlie  local  velocity  of  sound  no:;  longer  as  a  function  of 
but  by  a  more  complex  function  of  x  and  t  , 

A  similar  aimlysis  can  also  be  errried  out  for  tlie  left-hand  end  of  the 
charge.  As  a  result,  v/e  arrive  at  the  fact  tiiat  the  two  individual  rarefaction 
waves,  one  of  which  travels  from  the  righVhand  end  "to  the  left,  and  the 
otlier  from  the  left-hand  end  to  the  right,  inroact. 

Then  at  the  instant  of  iiipact  a  fifth  solution  will  arise,  which  will  not 
be  singular  and  which  can  be  found  only  from  the  general  integral  of  the 
gas-dynamic  equations.  This  general  integral  can  be  found  arising  from  the 
two  boundary  conditions  of  its  conjugate  with  the  right-  and  left-hand 
individual  waves.  As  a  result,  we  shall  have  five  solutions  conjugate  befereen 
themselves  at  four  points.  As  wo  shall  further  see,  it  is  easy  to  satisfy 


^73 


„ur=elvcs  .of  tl>o  fact  that  tlte  waves  defined  by  tl.e  extvenc  and  nean 
senoral  ablutions  will  bo  propacatod  in  the  course  of  ttoo  at  intervals 
Inoreasine  proportionally  with  tii.0,  but  ti.e  moan  indiviaual  solutions  in 
ti..o  base  of  t  =  3  trill  oontinuo  at  intervals,  mintadnir^s  constant  and 
finite  values.  On  aooount  of  this,  for  Uoo  the  bassos  found  vrithi.-® 
those  intervals  trill  tend  totvards  zero,  and  we  can  exclude  then  fron  .fur- 

ther  considerations. 

In  the  ceneral  case  when  fe<3,  the  mss  of  eas  found  trithin  the 
intervas,  defined  by  the  near,  individual  solutions,  also  tends  tot>ards 

zero  for  t-*oo. 

Thus,  tiic  con^letc  solution  consists  of  seven  separate  solutions, 
ffc  shall  find  all  the  solutions  mentioned  above  in  the  case  of  /i»3,  which 
corresponds  on  the  averace  v/ith  tiie  expahdine  detonation  products  of  Irypx- 

cal  e^losives. 

How,  let  the  detonation  of  a  ohar£e  be  inittated  in  a  certain  plane 
throush  the  oriEin  of  coordinates.  17e  shall  dernte  the  lencth  of 
the  rieht-hand  portion  of  the  oharee  of  explosive  by  /,  and  the  left-hand 
portion  by  .  Then  the  detonation  wave  travelling  to  tile  right  can  be 
described  by  the  follovrlns  equations  : 


w  +  a  —  -~,  ty  — a  = 

TO  =ss  0,  0  =  4 


— 4  4 

•fM,.  0  y ' 


(80. 3) 


At  tlie  instant  of  tin^e  ?,  =  >.,  = detonation  v/ave  reaches  the  ri.shi 
hand  end  of  the  charge,  after  which  diversion  of  the  detonation  products 
commences.  It  can  be  proved,  from  ihe  general  solutions  that  the  dispersion 

process  will  be  oharaoterised  by  tliese  equations  : 

TO,-f-Ci  =  4; 


(so.  4a) 


(8C.4i) 


w,  —  a,= 


x-X,  • 


3quntion  (SO. 'la)  is  obvj.ous;  equation  (60.4t)\TC  find  results  from  the 
gc-ierol  solution  of  the  i-as-  ccuation;:  : 

x  =  {u  —  c)t+F2{u  —  c).\ 

.■’or  =  a.  1  .  . 

F,  (tt  —  ^)  =  X,  ( 1  —  (o),  —  aO], 

v/hcnce,  for  wi  —  Oi  vre  ohto.iii  oq;;ation  (SC,4b). 

The  rarefaction  ^Yavc,  created  by  the  dispersion,  proceedint/  from  ri^ht  to 

3  '3 

left,  at  the  instctvt  of  time  in  the  crcss-scction  encounters 

the  poiivb  of  vreal;  diocontii.uity,  vrhLoh  is  established  from  tlie  simultaneous  sol-  ’ 
ution  of  ccuatioii  (80.4b)  and  equation  (80.5),  vdiich,  for  the  point  of  wealc  dis¬ 
continuity  (for  a;=0  )  tol:e3  tine  form  -““T  ‘ 

As  a  result  of  this  a  new  solutioii  is  created.  This  solution  vdll  h.avc  the 


The  solution  for  Wj  —  Oi  is  ^retained. 


(30.5) 


(80.6) 


A  similar  picture  vd.ll  be  presented  for  the  left-hand  end  of  the  cliar^e. 

In  order  to  describe  the  correspondinfi  equations  it  is  onl:/  necessary  to.  sulj- 
stitute  Xi  by  Xj  =  -^  ,  w  a  by  w  —  a,  ,  w  —  a  lay  — (la-j-a)  an.d  g' by  — g. 

VUi  ob  tain  w  a  ^ 

„  '  w  — a  =  — y . 

At  the  insta::t  of  time  ts  =  -|-  (Xi  —  Xt),  the  ri.’jht  -  axxd  lef t-hand  raref action 
waves  meet,  vdiich  is  established  frar.  samultaneous  solution  of  equations  (80.5) 
and  (80. 6), arid  the  onolagous  equations  set  dovm  for  the  left-hand  end.  As  a 
result  of  this  a  nev/  solution  v/ill  a.3a.in  be  created  .  ;, 

w, -f- a,  =  ,  Wf  —  fl,j=s|— (so. 7) 

V/e  now  write  dovm  alll  the  solutions  for  the  right  and  left  ends-  of  the  cliarge  : 


^7^ 


®i  4-  ai  =  T  .  ffl'] 


-fl,= 


4-Xi 
■  t  — X, 


•w,4-a,  =4-, 


,  1  •  '  £  —  X,  ,  1 

Wi+ai  =  t^,  Wa— 0,=  :^-^,  — a'!  +  a2=2, 

,  .  £  +  X, 


Let  us  ooncidor  lio-,/  tiie  energy,  rnome.ituun  tuid  masses  oi’  tlie  dotonation  pro¬ 
ducts  will  lie  distributed,  dispcrsiii"-  iu  opposite  directions,  'at  a  sufi’icisntly 
larae  jjitei-val  o*  time  t  (t~»  oo)  ,  Por  this  v;e  csii,  as  already  mentioned  above, 
exclude  from  our  considoration  tlie  masses  of  ('as  detennined  by  the  individual 
solutions , 

To  this  end  vra  shall  consider  the  relationship 


T  X 

J  fljw'  d\  +  J  fljwJ  di 


(80.6) 


Per  a«=0,  /o=M|  is  the  maos  of  the  enploaion  produotc  dioporsing  to  the_rif5ht, 
i’or  a'=il, /i  =7i  is  the  vnomenfrum  of  this  iisss,  and  for  a  =  2,/j'“=£|  is  tho 
enerj'y  oi"  this  laaas. 

Evalua.tins  Wio  jaitc^rals.  for  the  ri(;ht  oiid  loft  ends  of  the  ohKfiie,  \ro 

have 


M  "  (4X,  -i-5X,),  E,  =  (16X,  +  1  IXj). 

^2  =  f  (5X.  +  4X.),  +  \ 6X,). 


(80.9) 


4/MO 
27  ■ 


'■.'he  mataal  mass  of  exnlosive  M  —po^  ('me  orosa-seotionol  area  of  t}ie 


ohargo  0  =  1). 


'.ilie  equolit”  oi*  the  oBioulses (momenta)  is  obvious,  sines  oiily  internal 


forces  act  in  tJie  detonation  prooasa.  i'he  ratios  of  masses  and  energy  are  deter¬ 
mined  by  tiie  formulae 


Ml  _  ■)/,  +5/,  £,  _  16/,  +  1 1/, 

Mi  ~  5/,  +  4/j  ’  Ti/,+'IC/2  ’ 

fcf  /j_u  ;jr— s-  11- 


(ao.io) 


Hence,  it  is  obvious  that  for  on  and  position  of  the  detonator  in  the  side  of 
the  ciiargo  less  mass  is  involved  than  in  the  contrary  position,  but  this  mass 


cauTies  mth  it  the  greater  energy/'. 

It  ccui  thus  be  said,  that  in  the  detonation  process  redistribution  of 
enerj'”^  takes  place  and  this  redistribution  can  be  controlled  by  ohaiiging  the 
location  oi'  the  detonator,  which  agrees  well  v/itii  exi^erimental  data.  The  distri¬ 
bution  of  density  and  velocity  oi’  the  detonation  products  for  diffoi-ent  cases  is' 
shown  in  Figures  1S7  -  201. 

V/lion  the  detonation  is  initiated  at  one  end  of  the  charge,  the  .rr.a3irLtude 
of  the  wave  is  considerably  reduced  ;  there  ren;ain  ordy  the  rarefaction  wave 
prooeoding  from  the  open  end,  v/hich  is  described  by  equations  (80.4a)  and  (80.4^), 
and  the  rarefaction  wave  proceeding  from  the  end  v/here  detonation  was  ijiiiiated. 


It  should  be  noted  that  tliis  v/gve  is  described  by  tlis  same  equotions  as  the 
detonation  wave,  i.e.  by  equations  (30.5);  as  a  result  of  this,  the  maiamnjra  velo¬ 
city  of  discharge  of  the  dotoriatioi-  products  at  tJio  side  apposite  from  the  direc¬ 
tion  of  detonation  is  determined  -'rorn  the  expression 

a  — +  — Cj) - Airr~' 

which,  for  c  —  O  ,  gives  u— ■  ^^|  - 

III  Lhe  case,  when  detonation  is  initiated  in  the  m:'.ddle  of  the  oluarge,  it 
can  be  a3sui’’.cd  that  it  is  initiated  fraa.  the  solid  wall,  and  as  a  result  of  tids 
the  raomentun  received  by  the  outflowing  detonation  products  is  equal  to  the 


on  the  vro.ll  (oeo  Oivapter  Xl). 


prc33V!re  a 
ji'i-ar&  197 


Dicpersion  -of  Aotonation  proctiiots  for  a  contrally  loc.a-teci. 
detonator  (  A  =  oni,  =  m/oec). 


'Jhis  iinpulao  is  detemiuod  i’ron  rcla.tionship  (30.9),  If  the  velocity  of 
d.,'tonation  id  cxpi-essed  via.  the  ener;i;y  of  decomposition  of  the  explosive  (O), 
tlien 

D»  =  2(;i*  — 1)Q=.16Q 

and  tho  impulse-  is  detarminod  hy  the  relo.tionsliip 

(OO.U) 

v/here  E  =  MQ,  Mi  = -y  is  tho  mass  of  the  detonation  products  discluii-sing  in 
tl'ds  direction  and  E\=MiQ. 

Analysis  of  the  wave  system  formed  as  a  result  of  dispersion  of  the 
detonation  products  in  those  oases  vrhen  the  isentropy  index  ft  <  3  j  presents 
oonsidcrahle  analytical  difficulty.  However,  here  the  prohlcm  co;i  he  solved', 
for  tho  case  vmen  “ft'“5jqn*  • 

In  Isids  case 


.-.ore 


. S.+'*]- 

Mi<=M  —  Ml, 

. 2.+.,], 

£,=  C~E„ 


T 

fl] 

\in+AI 

'n  +  ^ 

n] 

.,/t  +  2 

/  (n  — 

»>i(n-|-a-|-2)7 

'n  •+■  1 

n\ (0  +  1) 

,«  +  2 

;  (n- 

a)l  (H -4- a +  3)1 

’«  +  1 

nl(a4-l)(«  +  2) 

,«  +  2 

/  (n  + 

a)l  {n  +  a  +  4)l 

(80.12) 


In  the  limitinf;  case  when  •  ft=  1.  for  aiiy  position  of  the  dctona.tor,  identi 
oal  ma.sses  are-  disintegrated  to  left  and  to  right  carrying;  identical  a-'.o'.n'.ti 
cner'^J-.  Tho  inajj-nitude  of  the  impulse  as  a  r-csult  oi'  this  is  determi  .ed  hy  tr.-c- 


o:. 


(30.15) 


expi'esRion 

. 


M  E 

iTe  shall  deduce  the  values  of  -r^  and  ■.  for  an  end-looated  detonator, 
i.  e,  v;hen  Xj  =  0  ,  for  different  values  of  k.  (lahle  115) 

Table  115 

Ratio  of  mass  and  energy  of  the  dispersing  detonation 
pix>dnots  for  flifferent  values  of  tho  isentropy  index, 
(one-dimensional  dispersion) 


n 

0 

1 

2 

00 

5 

7 

1 

k 

3 

• 

T 

5 

Mx 

297 

49 

1 

Mi 

6- 

m 

51 

Ex 

18 

21-81 

8 

1 

_ 

sns 

*==3  / 0.592 
A=1  /  =  |/’^  =  0.565/.^. 

i 

see  that  tho  iapilse  is  considerably  reduced  by  a  reduoti*"'  of  k 
IVom  3  to  1  .  iHio  redistribution  of  mass  and  energy  as  a  result  of  this  is 
elso  reduced;  and  for  Ah.!  the  effect  of  redistribution  tends  to  aero. 

Analysis  of  tho  process  of  discharge  of  tho  detonation  produo  cs  pre¬ 
sents  considerable  interest  in  the  case  M/hen  detonation  talces  place  instan¬ 


taneously,  i.  e.  ivhen  explosion  of  an  explc  .ive  takes  place  in  a  oonstoiat 
volume,  ^nie  initial  stage  of  discharge  is  uliau-aotarized  by  a  wave  in  one 


cctacn,  which  is  deoCiibod,  obviously,  by  tho  special  solution  of  the 


basio  equations  of  gas-dynamics  ;  for  example,  for  the  detonation  products 
discharging  to  the  right  ; 


^^3 


(80.14) 


At  the  fi’ont  of  the  rarefaction  ware,  the  velocity  of  the  gas  is  -eLqiial 

% 

to  zero,  the  velocity  of  sound  is  equal  to  the  initial  velocity  of  sound, 
the  arbitraiy  function  of  the  special  solution,  obviously,'  can  be  eqiiated 
to  zero,  assuming  that  the  discharge  process  is  initiated  at  the  instant  of 
time  t««>0  in  the  section  X‘=0,  , 

The  initial  parameters  of  the  detonation  products  are  detennined'  by 


the  relationships 


K*-  l)  ‘ 


■(A-1)P(.Q  = 


PoO> 

!(*+!)  • 


(80.15) 


It  sliould  be  noted  that  the  pressure  of  the  products  of  an  "instantaneous" 
detonation  are  less  by  a  fsotor  of  two  than  the  pressure  at  the  front  of  the 
detonation  wave.  At  tlie  instant  of  time  ,  the  rarefaction  wa’" 

proceeding  from  the  right  and  left  end  of  the  charge  oonverges  at  the  oentre 
of  the  charge,'  after  which  a  reflected  wave  is  formed  whioh,in  the  case  of 
*«=>3,  is  described  by.  toe  ecfiations. 

“—'^=■■7.  a  +  c  =  di'.  .  (80.10) 

QMs  result  ensues  from  the  oonaition  that  for  t  =  -L-  in  the  section 
i  “  =  0  and  c=ci,  ,  as  a  oonsequenoe  of  which  the  arbitrary 

function  ,fi(u-f-c)  in  the  equation  =  (a  +  c) /  +  fi («  +£)  ia  equal  to 

The  magnitude  of  the  impulse  acting  on  the  wall  located  at  tlie  middle 
of  the  charge,  ia  determined,  for  an  arbiti'aty  value  of  k ,  by  the  fonnula 


where  k  = 


/  =  V2f2a-i-3)  MH - - 


/on  Try\ 
\wva 


For  k=l,n-*oo  the  impulse  is  determined  by  the  formula 

'-/?• 


(80.  IS) 


Valuas  of  ijiqjulse  for  different  isenTropy  indices  are  presented  in 
Table  116,  ■ 

In  comparing  the  magnitude  of  the  in5)ulsa3  for  a  normal  and  for  an 
Instantaneous  detonation,  we  arrive  at  the  conclusion  that  for  3  >  ^  >  1 
tlic  inpulse  for  an  instantaneous  detonation  is  considerably  in  exoess  of  the 
iitpulse  for  a  normal  detonatioji,  For  ft>==I  tho  impiilses  for  both  oases  are 
the  same. 

Now  let  us  analyse  the  results  obtained.  The  principal  special  feature 
of  a  non-atationaiy  disoharge  of  gas  is  the  redistribution  of  the  energy 
densily  with  respect  to  tho  mass  of  discharging  gas. 

A  small  portion  of  the  mass  has  a  velocity  considerably  in  excess  of 
tho  "mean  velocity"  oorresponding  to  the  initial  energy  density;  the  main 
portion  of  tho  mass  moves  with  velooltaies  less  than  the  "mean  velocity". 

Table  116 

Values  of  impulse  for  different  values  of  tho  isentropy  index 
_  (one-dimensional  dispersion,  instantaneous  detonation) 


A 

H 

Zapiaia,!. 

3 

0 

■y  *“  YmB 

6 

3 

1 

“2"  MB  e*  0.585 

7 

5 

2 

^ME=.0^7SVm 

) 

_ 

n~*-co 

|/*^  =.  o.6(:s /mS  ■ 

Since  «==M(Af),  it  is  clear  that  the  mom0ntum(impulse)  will  be  less 
than  for  stationai-y  motion  of  this  same  mass  of  gas.  M  with  the  same  store 
of  energy  £  , 


■  Actually^ 


M  K 

0  0 

^ero  u  —  u(M)  '. 

Let  US  find  the  condition  for  ,  /„„  if  £  Is  given. 

We  suhatitute  the  e3q>res8ioii  m 

'nhere  i  is  s  oonstant  fsotor  (LegenOra  faotor). 

Liffereiitla.ting  liia  es^ressionu +  -^1^.111  reapeot  to  u  and  eqmatiug  the 
zesolt  to  aeroV  we  have. .  I  -|- Xu  =  0  >  vhejooe  u  =  — ^  =  oonatw' 

Thus,  f  attains  a  mn-rtmua  for  a  given  energy  if  the  vellooily  of  the  gas 
is  independent  of  i.ew  in  the  ease  of  stationaxy  gas  flon;  .is  a  result  of 
■ttiiai*  flinoa  for  flow  In  vaouo  and  1  =  ^  ,  we  have 

/=yV^2Aj£«=o,7i/AiS  (eaao) 

(the  total  nonentum  is  2  /  =■  / 2ME)  , 

We  shall  denote  the  ooeffioients  in  the  eagpressions  detendning  the 
snnentumi  in  the  cases  of  noxnal  and  instantaneous  detonation^  iQr  lu  h'  and 
we  shall  denote  the  ooeffioi«its  indioating  the  ratio  of  tha.se  amenta  to  the 
somentum  for  stationazy  flow  liy  3i  =  She  caloulated  data 

are  presented  in  Table  117* 

Table  U7 

Batio  of  the  to/santa  for  instantaneous  and  normal 
detonation  to  the  toaentua  for  stationary  flow 
(one-dimensional  dispersion) 


n 

* 

i. 

•i 

0 

3 

0.592 

0.612 

6.837 

0.865 

1 

5/3  , 

0.592 

0.823  . 

2 

’’li 

0.585 

0.810 

0.825 

3 

9/7 

0.666 

0.580 

0.818 

'0 

1 

0665 

0665 

0.79S 

0.79S 

As  alrea^  mentionad.  alsova,  the  Ians  governing  t'le  disoharge  of  the 
detonation  products  in  a  vacuum  give  true  results  in  vhe  case  of  discharge 
in  air  only  in  the  vlolnl'ty  of  thf  charge^  i.  e.  at  those  distances  for  tdilch 
the  mass  of  air  set  into  motion  Isy  the  detonation  produots  is  less  than  the 
mass  of  erploslva*  In  the  one^dimenslonal  oase  this  distance  oonsldorahly 
ezoeeds  the  length  of  the  charge. 

^  81*  Dispersion  of  l>etosation  Itoducts  for  an  Inclined  Section.  I 

Let  us  oonsider  the  eartreaely  interesting  oase  of  the  flow  of  detona¬ 
tion  products  from  the  surface  of  an  e^yilosive  charge^  tonaards  which  the 
detonatLon  wave  converges  throu^  a  oortain  angle  a  (?i£^202). 

Figure  202  <^pproaoh  of  detonation  wave  towards  the  sux^aoe 

of  a  oharge  at  an  angle. 


In  order  to  detesioine  the  parameters  of  the  detonation  produots  disper¬ 
sing  ftom  the  surface  layers  olose  to  the  oharge^  exact  solutions  of  the  gas- 
dynaado  equations  oan  ho  used.  However,  heforo  analysing  these  relatively 
coasaex  solutiona  we  shall  consider  an  approximate  solution  of  the  prohlea; 
with  a  view  to  ea^aaining  the  physios  of  the  phenomenon,  the  results  of  which 


are,'  on  the  average,'  <jii.te  aoourate. 

We  shall  assume  that  on  the  avoragej4i£^eraion  of  the  detonation  pro«i 
ducts  takes  plaoe  ■with  respeofc  to  the  aoxinal  to  tlie  surface  of  the  charge,’ 

1.  e.  in  the  direction  of  suuciraum  pressure  gradients  Actuall;;^,'  as  ve  shall 
see  from  the  exact  solution,'  dispersion  takes  plaoe  sithin  a  oesrtain  an^e, 
the  liiseotor  of  almost  ooixioldes  with  the  normal  to  the  surface  of  the 

oharge. 

It  oan  ke  seen  fTom  20S  that  the  resultant  velooii?  is 

+  JUT*  “i^i  cos  a,  (ai,l) 

where  Uj  is  the  velocity  of  motion  of  the  detonation  products  kehina  the 

.2  ' 

front  of  the  detonation  wave,  *  — r'*  is  the  veloolty  of  dispersion  of  the 

detonation  pxoduots  in  vacuo  with  respeot  to  the  xionnsl  and  a  is  the  single 
ketween  the  front  of  the  detonation  wave  and  the  surface  of  the  oharge, 
Xranafoming  relationship  (81,  l)  and  taking  into  aooount  that 
'  '*  endve  at  the  relationship 

- 2A+  1  +  4A (A -  1) cos  « , 

whioU,'  for  /!»3  ,  gives 

y*  =  j  /lO  +  ecos  «. 

For  a  =  0  ,  r<7*  ,  and  for  = 

Iha  angle  of  rotation  of  the  velooiV  vector  h  (Fig,  205  ),'  obviously, 
osn  ke  detexsiAed  from  the  rsLLationsbip 

■  n  2  «<  . 

Sin  Pa  —  - — ; - sina  = 

"  —  ^ 

2k  sin  a 

^  V6*>  — 2ft+l  +  4*(A  — l)c05a  ' 


(81,5) 


Figure  20S 


Dl^orsal  of  detonation  products 
f^roin  the  surface  of  the  charge 


Let  us  determine  the  limits  of  variation  of  the  angle  of  rotation  po 
as  a  funotlon  of  the  variation,  of  the  angle  a  • 

For  0  =  0  '#■  P(,==0.!, 

and  for  “  =  4  sin^o=ayg“.v  a*  .  ■  (81,4) 

which;  for  *  =  3  '#  po  =  73°  •  This  corre^nds 

to  a  deviation  of  the  flow  from  the  normal  .17°,  17e  note  that  the  exaot 
solution  gives «  for  the  mean  velooitgr  veotor,  an  an^e  of  deviation  ftroa  the 
noxmal  equal  to  12—14°,  '  *  depending  iQ>on  -the  polytropio  index. 

Actually;  as  we  already  know;  as  a  result  of  diversion  of  -the  detona^ 
tion  products^  -the  pressure  falls  rapidly  and  -the  gas«  as  a  result  of  e:^a»> 
Sion  Iceoomes  Ideal,  and.  -the  index  of  polytzopy  approximates  -to  the  -value 


In  -this  oase,  -the  relationships  we  have  derived  gi-ve  for(  a »  0 

Po=0  ;  for  «=.j  ?*=2.8£>  , ,  Po  =  80°  ,  i.e,' the 

deviation  of  the  flow  from  -the  normal  is  obtained  equal  -to  10°, 


The  true  values  of  and  Po  lie  between  those  given  for  fe  =  3  and 


/!  = 
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Let  us  turn  to  the  derivation  of  acre'  precise  solutions. 

In  the  polar  *orstem  of  co-ordinates,  for  whioh  the  point  of  intersection 
of  the  detonation  wave  with  the  surface  of  the  charge  is  stationary  the 
following  equations  are  *  JULd 


ou 

''dr 


V  du  v’  .  *  —  Q 

f'fdr  ’ 


r  dtl 


du  ,  V  dv  ,  uv  ,  i  dp 

‘*dF-^TW-^T  +  rr^  =  ^' 
^(?ur)  +  ^(pv)-^Q. 


(81.6) 


where  r  is  the  radius  vector,  9  is  the  polar  angle,  u  ia  the  radial  velocily 
ccsposent,  v  is  the  tangential  velool'^  ooeiponent,  p  is  the  density  and 
p  is  the  pressure  of  the  gas. 

It  is  obvious  that  for  the  assun^tions  made,'  all  the  parameters,'  close 
to  the  line  of  Interseotion,'  depend  slightly  on  r.  » 

!Qien,  for  the  condition  such  that  i>  ,  p  ,  u  ,  and  v  di^end  on^y  on  9  , 
the  equations  take  the  form  (Prandtl  -  Uayer  solution)  : 

Introduoisg  the  velooliy  of  sound  axid  oarzying  out  oertain  transfoxnatlons 
we  obtain 


du 

an  — 


(81.7) 


IdiltiplylDg  the  last  expression  tenswlse  by  o  and  ooBipaxlng  it  with  the 
previous  es^resslon,  we  arrive  at  the  result  that  v^c.  . 

6 


We  shall  fijifi  that  the  solution  of  our  actual  problem  results  frcm 
tills  condition. 

In  order  to  deteimine  the  maximum  velooHy  qi,  of  flow  of  the  dotcna- 
tion  products  In  a  vacuum  and  the  dependence  of  the  flow  velooily  q  on  the 
angle  6  we  are  Justified  in  using  Bernoulli's  equation  for  steady  flow  (for 
the  assuiiption  we  have  made^-that  in  the  vioinliy  of  ihe  confines  of  the 
charge  all  the  parameters  are  praotloally  independent  of  r  )  s 

9k  =  '7’ =  (81,8} 


ehere  qu  in  the  given  case  is  the  same  for  all  stream  lines. 


Sinoe 


■  i  Tshere  a  =  c  ,  and  the  Initial  flow  valooity  q^ 


and  the  initial  veloolty  of  sound  Ci  are  sLven,'  than  from  BexnoulU's  equation 
it  Is  eaecr  to  detexcdne  ^he  maaiman  veloolty  qn  which,  the  gas  acquires 
flowing  in  vaouoV  and  also  the  dependanoe  of  the  velooitT’  on  the  aj^e  1 9:  : 

(81.9) 


Slnoe 

then 


2<?  ,  ft  + 1  , 

*_1  —  “i  +  *_l 


du 

d^'- 


(81.10) 


Henoe  it  follows  that 


«  =  y*cos 


i—l 

*+l 


(81.11) 


(we  shall  read  off  the  angles  Aivm  the  line  where  ■  u=aqj^  in  a  oountezv^oloclo- 
wise  direction).  In  Ilg,202  this'  line  is  OC ,  Bhither,  from  equation  (81.10) 
and  (81.  U)  it  follows  that 


v^c-=q,\f —TSi"/”  TTT.fi- 

!Qie  local  Hach  angle  is  determined  by  the  equation 

Ca:ui3) 


Let  us  determine  the  re^on  of  existence  of  a  solution  for  the  case  under, 
consideration.  In  Pi&  202  this  region  is  "bounded  ty  the  lines  OC  and  OA  ;  shove 
the  line  0^4  ve  have  erre^ou  of  constant  velocity*  Ihe  vsluo  of  the  an^a  t  » 
defining  the  region  of  existence  of  a  8olution>  oan  he  found  fioa  formula  (81.15) 

ua  Mua  =  /4+T-“/^T.  (81.14) 

It  oan  "be  seen  fim  204,  that  in  liie  ohosetn  moving  eystem  of  coordinates 
having  a  relooiiy  of  we  have 

C ' 

■  =  UAA^!im* 

Uft  a 

Substituting  •'  Ci=^~.  ,  we  obtain 

>  k  . 

‘  -j-pp  ma  =  UjAfi^p. 

■  '  'l  ■  ■ 

Henoe  it  further  foUovm  that 

'Figure  204  Belationahlp  between  ’velocities  (dispersion  fboa 

an  inclined  section) 


In  •the  region  ^  all  the  parameters  are  fUnotions  only  of  the  angle  8  • 
Ihe  line  00  gives  the  limit  of  dispersion. 

Obviously,  for  8  =  ')  »  "  c  ■=  c^,  ,  whereupon  using  formulae  (81*12)  and 


(81.3) 

v;e  ottolii 

(81. IG) 

Hence , 

using  (81.il)  and  (81.12)  v/e  obtain 

«  =  cosec-)/  TCOs/l^O, 

V  c  Ci  cosec  ]/*  ^^  j  T  sin/  l^e. 

(81.17) 

(81.18) 

Lot  us  dctenniiie  tloo  values  of  the  poo-omcters  doi  the  usual  (noia-rnohilo) 
system  of  coordir.ates.  The  angle  botireen  the  radius-veotor  and  the  initial  con¬ 


fines  of  the  ciiarge  is 


(SI. 19) 


’.Yc  detemiino  the  total  dj.speraion  velocity.  Knaviiig.  the  aiiglo  of  flight  and 
taking  into  aooount  the  initia]  velocity  we  derive  the  vector  sum. 
'Ye  obtain 


kk 


D_  t/~ ;.cos»8 
jlnoK  *4—1  • 


(81.20) 


The  an.gle  (p  hetv/een  the  confines  of  tlio  ohoi'ge  and  the  velocity  vector 
is  determined  by.  the  formula 


ui.  fip  —  tp)  =  i  , 

U 

where  u  is  the  projection  of’tlvc  velocity  onto  the  radius-vector  aiid  v  is  the 
pr^'leotion  of  the  velocity  onto  the  perpendicular  to  the  radius-veotor. 

The  formulae  obtained  establish  the  dependence  of  the  velocity  and  density 
of  the  dispersing  detonation  raroducts  upon  the  o-gle  of  iliglit  and  upoi^i  the  aa'igle 


of  impact.  Analysis  of  the  solution  sliov.'s  tha.t  the  iiiajcirauiTi  dei'.sity  -  of  the  ijri- 
pulse  is  propoid;j.ona.l  to  py  ,  v/hore  y=l/u5-|-v4  j  the  mairimum  energy  is  pro- 
port.lonsl,  to  and  the  raajcimum  po\7oi-  is  propyx tional  to  pq^  j'  they  ajaoiu.t  to 
practically  one  and  the  same  angle  ^7ith  the  normal  to  the  surface  of  the  charge. 


This  saxgle  depends  on  4  and  'k  . 

With  increase  of  k  end  b  tMs  axgle  is  dooroased. 


IJi/n.iro  SOS  Dispersion  Oj*  detonation 
products  fran  an  inclined 
section  =  3.  « ■=  • 


205  Dispersion  od  dotoii- 
ation  pj'oduots  A-'ora 
an  ijicliiied  section 
(a=i3,  = 


In  the  ca.ao  of  A«=3,  for  sA  4-5°  it  anounts  to  8°;  for  a=  C'0°  the  ani^.c  is  equal, 
to  14-®,  vrhich  is  in  good  a^oer:iont  with  exporimantal  data.,  r'igs.  205  -  208  show 
the  distribution  of  the  o^uantities  proportional  to  ,  p  and  q  for 

6  =  3  and  A=»-j  and  for  o  =  4.5°  and.  a  »  90°. 


Tfare  front 


I'H.QMre  207. 


Dispersion  of  detonation  products  from  an  inclined  section 


7^ 

5  ' 


Figure  208« 


Dispersion  of  detonation  products  from  an  inolined  section 

t 


(* 
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Ihe  case  of  dispersion  of  the  detonation  products  from  the  :Iateral 
surface  of  an  explosive  charge  is  of  interest  for  more  detailed  consideration, 
i»e.  when  the  angle  a=-j-  • 

la  this  case  7  -I-  »  ^  ®  ^ 


?*  =  K  rpi®' 

cos  y  6— cos  6 1 , 
y/ja—i  y  /.4.1  j’ 


rr~ 


V  ==Ci  sin  Y  u~D^ 


A+1 

P  =  ^Po 


sin 


/ 


k—  1 

m-l 


9 


sin 


/ 


It —  1  7^ 

a+T  2 


(81.  21) 


An  approximate,  hut  veiy  graphical  solution  of  this  same  problem  is 

also  possible  (See  based  on  the  assumption  that  after  the  detonation 

wave  has  passed  through  a  given  section  of  the  diarge,  dispersion  of  the 

% 

surface  layers  under  the  action  of  the  internal  pressure  takes  place  perpen¬ 
dicularly  to  the  surface  of  the  charge,  in  the  system  of  coordinates  moving 
together  with  the  wave  front.  Then,  in  a  non-mobile  system  of  coor''‘'’‘.nates, 
it  is  obvious  that  dispersion  of  the  detonation  products  will  take  place  through 
an  angle  li*  to  the  surface  of  the  charge,  such  tljat  this  angle  is  obtained  from 
the  ralationahip . 

=  =  (81.22) 

2ci  2kD 

■Wiero  «0  =  |::ri=**nrT  velooity  in  a  direction  normal  to  the 

surface  of  the  charge,  and  is  the  velocity  in  a  dii-eotion  along 

the  surface  of  the  charge.  Tlie  total  velocity  of  dispersion,  obviously,  is 
determined  by  the  relationship 


(81,23) 


^  1  y  (/!— i)’"!"  ‘ 

For  lypioal  explosives,  assvunina  k  s  5,  we  oTstain  from  (81,22)  and  (81,25) 
that  <li  =  18°  and  q  =  0. 6  D  . 

.  The  laws  as  indicated  are  particularly  clearly  loanifestcd  for  the 
detonation  of  any  extended  charge  of  enqplosive  or  for  a  detonating  fuse. 

If  we  wish  to  obtain,  for  example,  the  front  of  the  dispersing  deto¬ 
nation  products  as  a  plane  surface,  then  it  is  necessaiy  for  this  purpose 
to  take  an  extended  charge  or  a  length  of  detonating  oord  in  the  form  of  an 
angle,  such  that  the  magnitude  of  tiiis  ang3.e  C  ,  obviously,  is  determined  by 
the  relationship  :  180°  -  2.'!  =1^  (Fi&209)» 

Figure  209.  Charge  shape  for  obtaining  a  plane  diversion  fj^nt 

for  the  detonation  products. 


In  concluding  the  investigation  of  the  processes  taking  place  as  a 

result  of  dispersion  of  the  detonation  products  in  vacuo,"  it  should  be  noted 

that  the  use  of  the  isentropy  equation  ■«  const  ,  where  k  «  S,  as  we  know 

holds  good  only  for  pressures  of  p  >  2000  k^cm^;  for  pressures  of  p  <  2000 

k^om^  the  isentropy  equation  p  t'’  c  oons-i^must  be  used,  ^vher0  T  =  ^  to  Z  , 

4  5 

However,  the  leading  portion  of  the  detonation  products,  for  ^fnloh  tire  isen¬ 
tropy  equation  p  y  b  const^holds  good,  has  extremely  small  mass,  namely 
its  mass  amounts  to  not  more  than  ^  of  the  total  mass  of  the  detonation  pro¬ 
ducts,  which  does  not  necessitate  s^arate  consideration  of  its  effect. 


§  32,  Diversion  of  Detoi'iation  Produots  in.  Air, 


Let  ua  pass  on  to  a  study  of  the  dispersion  of  detonation  products  in 
air.  In  order  to  simpdify  -the  proLlen  v.'c  shall  asL.x.c  initicJlIy  ■Ji...  .i.ic- 


nation  xs  ms  uaij,  ,.;moous^  ai,u  v/o  ^ ^  i  i  co,is>ianer  dx.ij  ur.Msu\(i,.Ca,  o,.  wio  wo,i.a^ 

tion  produota  and  of  the  sliock  wave  as  if  in  a  tuLe. 

Let,'  at  an  instant  of  time  t  =  0  in  the  section  ac  =  0  a  discharge  of 
detonation  products  be  initiated  ;  as  a  result  of  the  shook  of  tiie  detonation 
produota  on  the  air  in  it,  a  stationary  shook  wave  is  formed,'  the  initial  pai'a~ 
meters  of  whioJi  are 

P=^Px,  tl  —  Ua,  f  —  c  =  (82.1) 

Ihis  shock  wave  will  be  propagated  to  the  right, and  to  the  left  through 
the  charge  a  rarefaction  wave  will  proceed,  such  that  the  rarefaction  wavo^  at 
a  time  interval  c/r<^<(«a  — will  be  described  by  the  well-known 
relationships 

//,-c=-;-,  «  =  ^32^2) 


At  tile  time  interval  .{««,  —  <•*)  f  a  stationary  wave  passes 

through  the  detonation  products 

«  =  a».  P  =  Pj„  p  =  p„*,  c  =  c„a‘  (82,5) 

Ihe  initial  paramoters  of  the  shock  v/ave  and  of  the  detonation  products 
at  the  boundary  of  separation  are  determined  from  the  equation 

^  =  1  = '  (82,4) 

,  « i  \Pi)  V  /’i3(t+1)P.  ' 

whioh,  for 


’  ~  T  >  P»  —  a^cm®,  po  =  1, 6  g/ cm®. 


D  a  8000  nj/seo 


a  4880  Vseo,  p,  =  128,000  kg/om2  ^  p,'  =  330  ks/oa^  ^ 

The  reflected  rarefaction  wave 

u-c==^.  s  +  a  = 


gives 


(8^6) 


overtakes  the  stationary  rarefaction  wre  at 

shereupon  a  neir  mve  originates 

'  (82.7} 

Dhioh  will  1m  a  ocx^resslon  wava-  (In  the  ease  of  a  qpheriool  eaj>lo8ion«  as; 
a  result  of  the  dispersion  there  is  foznel  not  a  singple  oaovressloa  wave  Imt 
a  shook  wave  whloh  passes  the  explosion  proiuots  )•  Ibis  ooe^resslon 


wave  overtakes  me  iMun&azy  of  separation  at 


■*»  _■  n  “» 

I  ^  ’ 


«< 


(82.8) 


after  whloh  there  orlglnaies  in  the  air  a  new  wave*  wllhln  the  none  of  the 
iriwok  wave/  whloh  overtakes  the  front  of  -ttw  ebook  wave  at 

A. 

(whloh  oorreeponda  to  ■  20  •>  28  )• 

nils  wave  will  1m  a  sis^pl  e  aoe  t  . 

«— c>«a,— c„  x==‘(u+e)t  +  P(»)t'  '  (82.10) 

so  that  an  azhitrazy  ftowtlon  oan  1m  fOiand  knowing  the  law  of  notian  of  the 
iMundoxy  of  seporatiani  However/  we  eholl  not  ooriy  out  these  oooplex  oalou- 

latlooe  Bfjaoe  they  are  of  no  great  praotioal  valuer 

* 

Saw  let  US  oonslder  the  proUea  of  the  initial  phase  of  notion  of  the 
ebook  wave  oreated  by  en  aotual  detonation. 

in  aoourate  eolution  to  thle  proUen  is  not  possible*  howeverr  an  sppralK 
raateX  desoriptian  of  the  properties  of  this  wave  oan  1m  given  in  the  ease 
when  the  isentmiqr  equatlen  for  the  detonation  produote  takeo  the  fOxn 


or 


p  ■  d/> 


p  «  B  o‘ 


(82.11) 


sod  on  the  asaueptlen  that  within  the  region  ef  the  shook  wave  the  dansi^  la 


(82.12) 
a  dansi' 
(82.18) 


T<«h4T>ii  -Uie  ahook  ftvnt,  aooordlug  to  the  extent  of  the  presaure  ahange« 
■the  air  densi-tT-  obanges  (it  ia  reduoed)*  iHit  we  ahall  not  take  ttila  into 
aoootint  in  the  approximate  anolyaia* 

On  ■theae  aaetoptiona  ■the  pxoUen  la  aolwed  anolytloaUy. 

Ve  iihAii  preaent  on3jr  the  final  reBulta«  onlttliig  Ihe  rather  uxialeljaor 
derlTationa. 

Qia  lava  of  Torlation  of  Ihe  ahook  wave  paraantoore  la  the  prooeaa  of 
ita  propagation  are  dateminad  Iqr  11>e  relationahlpa 

t  =  (83.14) 

where 

=  vt=>^  (82,15) 

'  (ut « Ua«  in  Ihe  initial  velooi't^  of  no'tion  of  the  koundazy  of  aepaiiatlon  )• 

32  !l.i  (83,16) 

*(T-f  I)P,  • 


She  lanr  of  notion  of  the  ahook  ftreat  ia  detenained.'hgr  Ihe  relatlonahip 


(63,17) 


(for  t=i  I,  o»  =  eo,  =  (|^)^). 

She  preaaure  at  ■the  konniazy  of  aeparatlon  la  e^ul  to 

^  =  0,065t-»; 

Tbr  D  m  8000  Vaea 


(83,18) 


.  />*  =  970oi,  (83,19) 

if  the  preaaure  ia  aeaaureA  ia  kg/oH?,'  Baaolta  of  fhe  are 

poreaented  in  S^le  118  • 


Table  n& 


Shook  wnt  pawuaetere  in  air  (one-iineneloxial  oharge) 


‘-f 

•»““3r 

■PjS 

Pa 

1 

1 

0,89 

780 

1,73 

1,63 

0,84 

680 

2,65 

2,38 

030 

620 

4,12 

3,53 

0,76 

660 

6,1B 

4,32 

0,74 

630 

S30 

4,79 

0,73 

610 

120 

69,0 

030 

240 

Die  solatlon  faona  le  ap^oahle  la  prfotloe  up  to  tl»ea  for  iriiioh  iiM 
jqaatLoa  "p<BxAif,  ie  Telld  for  the  detonation  prodhaoto.  ii^coxiauiteljr  it  «111 
be  effeotive  op  to  a  dietanoe  of  about  ten  tinea  the  oharge  leogtii. 

la  tiie  oaae  of  inatantaaeoua  detonation  the  refleoted  watn  of  the  rare> 
faction  «Kve  OTertakea  the  ahook  front  at  a  dietanoe  of  about  22:f  » 

At  this  same  dietanoe  the  pressure  in  the  shook  «aTe  for  an  aotual  dsto> 
nation  is  approzimatelT’  the  sane  as  in  the  oase  of  an  instantaneous  detonation, 
and  the  maainun  drop  in  pressure  in  the  shook  miTs  in  both  oasesslll  take 
plaoe  aooording  to  one  and  the  aam  Ison  Ve  have  alreadir  ehoan  that  the  las 
goTeznlng  the  drop  in  pteseure  my  be  represented  ipproadsiate3jr  ly  fonula 
(83,18). 


for  this  oase  as  write  doen  the  Law  of  Oonservation  of 

=•  s/>  =  s/>«  (—)  =  «„ -jp  +  j 

since  — Po/j,  than,  by  latroduoing  ^  dinensionleaa  ooordlnates 

and  nsfileotlng  the  «uati1y.  relative  to  uniV,  we  osn  ardve  at  the 

equation 


/>g  /t»\* 
r75i.|TI  * 


(82.20) 


Hera  la  the  aimenslonleaa  dlataaee  at  vhicdi  tiu  ;?fleoteA 

'TOve,  or  loore  preolaelor  ooiis>reaalon  nave  (8a>7)jOvertalr  -  ,  Mie  ‘kounAazy 

t 

of  aeparatioa* 

lotegratlon  of  thla  aqaatLon  for  ilia  Initial  oooditioQS 
X  =  Xt,  »  =  ««  W  {“l|!  t  =  t|.  V^Va.  . 

gLvaa  tiia  approxinati  laar  of  variation  of  tfaa  aboek  vava  paraiaatara  for  ita 

aariaini  propagatioa. 

Xha  laar  of  variatloa  of  valooil^  irith  Aiatanna  haa  the  form 

_ (f  «  (82.31) 

.  “«*  T+l  ;  . 

1.  ^  tbia  valua  of  1 1  Aatenaiaaa  tba  liadting  avpanaitm  of  ilia  Aatonatiea 
pcroAuota. 

At  graatar  Aiatanoaa  fkos  tba  point  of  aa^loaioo  tba  prasiura  at  tba 
abook  fxxmt  will  ba  greater  tbaa  at  the  boundazar  of  aaparation*  ahiobt  in  tba 
ocuraa  of  tiaaf  leada  to  oonaiAsraKLa  iaaoouraoias  in  naixtg  a^iatioo  (62. 17). 

Conaiderabla  Intaraat  ia  praaanteA  bjr  Qf  ^jh  *niri<rtTij 

phaaa  of  propagation  of  tba  abook  «av«  at  diataz»aa  iriiere  tba  Qh.«a«  in' 
antropjr  rproru  to  be  quite  aaall.  ^  neglaotiag  tbia  ponsUaB 

can  be  oonaidarad  aa  an  aoouatioal  approziatatioib 

f  38.  XAoLtlng  "aoouatioal''  Pbaaa  of  tba  ftooeaa. 

Tltbln  tba  Holt,  for  a  auffioiantajr  large  interval  of  after  tba 
beginning  of  the  proeeaa  (for  .<-*.06  In  an  infinite  -bibe),  tba  evrToriqn  pso- 
duota  will  oogqpletaljr  occupy  a  finite  vol«Ba,‘  ainbe  tba  final  preaaure  "hmill 

b«  Pf  , 

Ibla  vDlumef  for  tba  datonatioa  produota  of  oondeoaaA  eaploaiveay  ia 
Uetanaiaad  by  tba  ralationahlp 


foo  1.  \p*}  .\^»7. 


(85.1) 


whera  %  is  the  pressure  at  the  conjugate  point. 

Tlie  pdfeaatoro  of  the  air  set  into  motion  within  the  zone  ol*  the  shook  wave 
should  also  he  close  to  for  large  values  of  t  (  hut  not  identically  eqjial 
to  )  in  all  regions,  since  the  shook  wave  for  these  conditions  degenerates 
into  a  sound  wave  which  should  he  represented  hy  a  ocnpression  wave. 

This  sound  wave  should  oarry  the  entire  detomltMLte  energy  b  ,  vftiioh 
is  determined  fr<Hn  the  following  oonalderations. 


(8S.2) 


(88.5) 


Ihfr  detonation  produots,  within  thelimit,  have  an  energy  of 

.  ♦  »  ’  1  I  ' 

_  P.f>(  lPi\*lPk\^ 

[rj  ‘  . 

.  Thus,  the  energy  given  up  to  tne.  atmoapharo  will  he 

-  Ei.r-  -  Ei  [l  -  (^')  ‘  {jlf  J  • 

This  energy,  for  a  auffioiently  large  value  of  t  ,  is  also  propagated  hy  a  very 
extensive,  but  of  small  Intensity,  oompresaion  wave. 

Bor  a  plane  sound  wave,  tlio’  amplitude,  of  whiph  is  not  :inflnite,iy  small,  for 
:.}  ^^p  —  p»<Pt  .  as  is  well-known,  the  singular  solution  of  the  basic  system 
of  equations  is  valid.: 

X— («4-»<  +  /'(«+f).  ] 

I  (“•*) 

If  the  quantity  •  u-f-ei  la  the  wave  depends  aonotcnisally  upoa  ,  such 
that  1  then  in  the  course  of  time  the  quantity  heoomes  a  linear 

function  of  j;-  ,  whatever  the  value  of  f  (u  +  c)  ,  was. 

for  . 

'■  ,  (85,5) 

lx**  const.'.  -• 


We  sliall  asautne  also  tliat  for  !  ' 

.x  =  (tt--j-c)^+ const. 

whereupon,  this  expression,  for  convenience  in  future  us®,  will  be  written  In 


the  fozTO 


<  *=  —  t*  4- <« + c)  (/ + 4). 


(83.6) 


Then,  ftrom  the  second  relationship  of  (85.4)  ai^d  (85.6)  we’  obtain 

-<'•)>  ^  (85.7) 

The  velocity  of  the  : .  ; front  of  tho  not  infinitely  weak  sound  wave  is  detei> 


mined  by  tho  cq.uation 

D,  •m‘ 


djt  «  +  «+»,  T+1 


H  -h  C»  1 


*4  *»'  ,  V"; 


.  (85.8) 


Inteisrating  (85,8)  we  eirivo  at  tho  relatlonsltip  defining  the  law  of  motion  of 


the  shook  front  : 


(85.9) 


where  tlie  constant  of  intogratloi  A  is  defined  from  the  condition  that  at  a 
certain  time  ,  tho  known  coordinate  of  the  wave  Jt.i  (or  ’the  volooity  is 

Sbran  (85,7)  and  (85.8),  (85.9)  we  obtain  for  tho  wave  front 


Df  =»>c,+ 


(85.10) 


2Vt+tt 


The.  total  energy  of  the  sound  comprosaion  wave  can  be  determined  bjr  the 


farmula 


\ 


(85.11) 


where  Pi\  is  the  pressure  at  the  wave  front. 


Since  ?Ap<p„'  then  tho  expression  following  tlie  integral  sign  oan  be 
represented,  noourate  to  teima  of  the’ second  order,  in  the  form 


<*“*  —  I  1  P«“* 

,t— l'*"2  "~t— l"^  *^“2“ 


but  to  the  same  approximation  «  =■  "y  ^»>  therefore 

'■  V.  !>»“*  (^I»)*ci 

Prom  the  first  equation  of  (83.7)  (expanding  into  series  and  disoai’dlng 
terns  of  the  second  order  )  wo  dbttdai 

I 


for 


l'  ipaaO  X  =  — Xb4-<?»(^-+-4): 

for  '  ApxBdPt  ('  X  “  —  X#  +  e»  (^  +  ^»)  +  i4 

therefore  .  *  .  . ,  ^ ^ 

Obviously f  the  exoesa  mass  of  air  contained  vrlthin  the  wave  is  detexmined  by 
the  expression  -  ■ 

.  ^  “(T+  IK  [^  '*"  3.(t  +  1) «.  V <T<»  ]  ' ' 

Lot  us  now  deterailne  the  momentum  of  the  air  In  this  wa/e  : 

r>  '  • 


(85.14) 


ft  4;  *y-  *f»i 

/,  «  j  p«rfx«=i>,  y  u  t/x+^  /.  (4p)*rfx,, 


hence 


/fl' 


(85.15) 


t 

If  we  express  and  via  M  .  substituting  ,v4;  "by  pt^  t 

/o  =  iWoC.,  [  1  + 1  ( ^  1 J  j  i 

for  ’^-^oo|  '■ 

'  (85.17) 

The  fall  in  energy  with  inorease  in  time  is  associated  with  the  fact  that  as  a 


(85.16) 


result  of  the  propagation  of  a  aon^inflnltely  weak  sound  waTe*  a  pozrtlon  of 
the  energy  is  IrreTerslhly  transfonned  into  thermal  energy^  which  "gats  shiok" 
behind  the  wave  passing  through  the  glTwn  toIuidr  of  alr«  !IMa  effect  oan  also 
be  studied  :  we  know  that  In  tetendnlng  and  the  Inacouraoles 

assooiated  with  neglecting  obaage  of  entropy  does  not  affeot  tezma  of  the 
aeoond  order  prc^rtional  to  (Ap)'~^'  ,  which,  after  Integration  Immoob 

tanas  of  the  first  order* 

The  inaoouraioy  assooiated  with  neglecting  entropy  only  effects  tsocns  of 
the  third  order,  which  after  inte^nition  beocma  terns  of  the  seoond  ordexv 
It  is  obvious  that  behind  the  wave  for  pap.,  ‘Qie  condition  D<e« 
should  be  attained,  which  gives  c^c*/  ,’  where  v  end  "c-  ere  the  specific 
volume  end  velocity  of  sound  behind  the  wave,  so  that  the  quantitieB  lF«-v— o* 
•“*  aF=  ?— c»  should  be  prqportlonsl  to  the  (jmentlly  (Ap*  ,^)*.',, 

Let  us  find  these  xolat^lLonahips.  Since  the  volume  dmsiiy  of  the  energy 
behind  the  wave  is  oonetant,' ,  d(p()  ■  0,  where  *  is  the  Internal  energy 

density,  oalculated  per  unit  mass  j  benoe.  A^ -f- p.  At  0  ■  ,  Sinoe  At  —  roAS,— pjAp/ 
we  arrive  at  the  relationahip 

(85,18) 

ehere  is  the  enthalpy  of  the  air* 


In  order  to  detemine  the  va3»»¥  of  Ai'’  with  rcspaot  to  the  r^pid  change 
of  pressure  at  the  weve  'ftxfnt,  we  have  the  weU-known  relatiaaahip 

(86,19) 

Srerefore 

^=“T5j7’^*  (88,20) 

In  the  case  of  an  ideal  gas 


y»' 


and  (85, 20)  uaumea  the  form 


.  TP,”, 

T— 1  ’  5p* 


(85.21) 


Slnofl  for  constant  preaaur® 


t>»  c»  '  ■ 

_  f’  “il  (■^Ehii.V 

e,  247>  \  j  ■ 

In  order  to  satisfy  the  Lasr  of  Conservation  of  Baerfflr,  1.0.  in  order 
that  the  sun  of  ilxa  total  energios  of  the  air  nasses  contained  in  tiie  nave 
and  hehind  the  wave  should  T»e  constant,  it  nust  1»«  assumed  that  l9ehind  <4io 


wave  the  pressure  D,vp.- 

Obviously,  -ttie  dlffersnoe 


a  more  aoourata  oaloulation  gives 

A»  TO-r-i) 

Bor  ^-»oo  _ 


(82.29) 


Since  the  aonentiaa  of  the  air  is  equal  to  Iho  pressure  Inpulse  sotlag  on 
■be  wall  ftor  (as  a  result  of  oosqpletiou  of  be  gas  discharge  process), 

■ben  this  impulse  is  dstezniasd  by  the  fonulae 

Af,«=»(Y  —  1)*X’  (32.24) 

Obviously,  the  value  of  is  the  sum  of  the  ecwrar  of  the  gas  X  given  iq? 
to  the  atmosphere  and  be  energy  of.  jhe  dlijplaii^  nass  of  air,  bare 

=  — (82.22) 

Substitutiag¥^  from  (82.2)  and  assuming  bat 


T-l 


Ei- 


and  k  ■  r'V  we  arrive  at  the  formula 

— 1)  T  “ 

•  -  a  • 

whence,  after  transfoxiBatlon,we  have 

where  is  be  mass  of  explosive,  k  ■  2  tor  typical  e:ipl  vilves. 


(82.28) 


Oospariog  the  magiil-tude  of  the  impulse  I^*ib  be  ispulse  resul-ting 


7^7 


from  disobarge  of  the  detonation  products  in  taouo  (  Ji' )  ire  find  that  . 

Oonparing  the  mass  of  air  in  the  shook  irave  irlth  the  mass  of  the  detonatloix 
produots>  ire  have 

^0  ^  (t -  ^  )  Q  ^  JQ 

_  cl  ^ 

In  the  prooess  of  es^ansion  of  the  gas*'  the  instant  oomes  nhen  . 

but  u  >  U  at  the  boundaxy  of  separation  and  the  expansion  of  the  gas  is  pro¬ 
longed  up  to  a  value  o  <  ^  irhen  the  velooiiy  of  the  boundazy  of  separation 

between  the  gas  and  the  air  beoomes  eqjoal  to  sero*  After  this^  reverse  motion 
of  the  gas  ooitmenoes  -  it  is  ooiq^ressed  to  a  valus'p>p*  t  then  it  again 

If 

expands,  and  so  on,  until  the  condition  P’=  p,‘  is  established  evezynberei. 
Oasplng  osoillations  of  the  gas  column  are  set  up»  CRivioualy,'  it  is  suffioient 
to  oonsider  the  first  expansion  <uid  ooopression,  after  vhioh  the  prooess  praotl- 
oally  oeasesf  as  a  result  of  vhioh  it  is  found  th^t  p<pt  at  the  mOI  during 
a  oertain  interval  of  tins*  Sms,  the  magnitude  of  the  iopulee  also  undergoes 
fluotuatlons  around  the  value 

o 

She  case  whioh  ve  have  considered  of  the  T-imi  ■*?<«£  shook  irave  gives  sn 
approximation  for  the  value  aOMve;  and  this  signifies  that  for  advanoanokt 
of  the  shook  wave,  the  pressure  at  the  wall,  being  less  tiisn  pV,'  spproaohes 
the  value  Pti  after  the  first  expansion,  the  prooess  of  oonpression  of  the 
gas  will  have  the  largest  asplltude,  oorretponding  to  a  weak  shook  wave.  In  the 
prooess  of  the  first  es^ansion  the  shock  wave  is  relatively  strongs 

Coopression  of  the  gas  takes  plaoe  as  a  oooUQienoe  of  the  fact  that  the 
pressure  behind  the  shook  wave,  as  we  have  shown.  Is  greater  than  It  was 
originally  (p>p.) 

Die  laws  whioh  we  have  ooiuidsred  for  the  '^'^1n^trlTlg  of  the 
^ve  are  adequately  understood  firom  tiie  point  of  view; 

7^? 


Let  us  now  txy  to  aiuQyse  approximate  the  basio  lavra  associated  vvith 
the  pulsatioEus  of  the  gas,  and  to  estimate  the  limits  of  its  maxiTiaini  expansion* 
?rom  the  theozy  of  nox^statLonazy  motLon,  it  is  loioim  that  Ihe  '*nox^ 


Btationazy  "  impulse  is*  on  the  whole*  only  20^  less  than  the  oorrei^ponding 
"statlonaxy"  inpulse  ;  this  difference  qazi  sezre  as  a  oharaoteristio  iredistxl* 
bution  of  energy*  It  may  be  thou^t  that  the  difference  between  ihe  internal 
energy  of  ihe  gas  for  t-^  oo.x  —  Xa,.  and  for  x  =  i;  whero  is  the 

marlman  esQiansion*  will  be  of  the  same  order* 

Qie  energy  for  is 

She  enerar  for  *=»*„„  is 

I 

Ale  difference  in  energy  is 

"-^■[(TT^:r-c-T7=n[ 

or 

where  Pj  is  the  pressure  for  . 

Since  p^—jjc^p,  •*  then*  denoting  Pt  —  p=* Ap'm  arrive  at  the  ea^ression 


(88*27) 

(88.28) 


,  AE  !=»  Ef 


k~ 


p»  \  p,  } 


k-l 

nr 


M—l  ip 
k  p. 


Taking  ~  =  l  *  we  see  that  -^'’-  =  1. 

^=7  P,  2  , _ - 

3hus*  the  value  of  the  inj,ntiniim  pressure  is  0i5  p*  a  1,0, 

and  consequently  the  magnitude  of  the  impulse  is  not  v^  considerable, 

Shus*  the  essential  oonolusion  can  be  drawn  that  the  of 

shook  wave  for  /  oo  tends  towards  a  oonpletely  finite  limit*  5his  momentum 
exceeds  the  momentum  of  the  detonation  products,  which  they  should  possess  as  a 
z^sult  of  disoharge  in  vacuo.  !&»  increase  of  msaientum  is  ^»ap^A^Tyf.^ 


that  the  masEi  of  air  set  into  rootion  exceeds  tha  mass  of  the  detonation  p!ro> 
duots  'by  a  factor  of  ten  • 

§  84.  !Iheozy  of  a  Point  Xb^oaioxw 

Similarlly  solution  for  a  strong  shook  imve 
Ihe  oonvergent  strong  wave* 

A  point  ejqploslon  Is  the  aiiqpleBt  osse  of  the  action  of  a  shook  wave« . 
for  which  it  is  assumed  that  the  mass  of  the  detonation  pzoduots  are  infinitely 
small  (  it  tends  to  sere) »  hut  the  quantity  of  energy  liberated  'by  the  charge 
is  finite. 

Obviously,  such  a  statement  of  the  problem  bolls  down  to  the  discussion 
of  the  effeot  of  ot>ly  one  shook  wave* 

At  dlstanoos  olose  to  the  scuroe  of  the  eaq^oslon^'  this  shook  wavs  will 
be  strong  Iherefow,'  In  order  to  stu^  its  properties,  the  Intrinsio  energy  of 
the  air  set  into  motion  oan  clireya  be  negleoted«  i*e.  the  value  of  the  atuos- 
'  pheiio  pressure  0*  in  cotsparison  with  the  pressure  at  the  shook  fkon'b 

As  already  shown  in  1944  by  SSdscSDT  and  dlAtWOKCttOH,  the  stu^  of  a  point 
a:q)losion  is  considerably  more  sin^e  than  the  shx^  of  an  aotual  ej^Ooaion, 
and  the  results  obtained  from  it  inaj'  also  be  applied  to  suit  the  oase  of  an 
aotual  ej^loslon* 

As  a  result  of  a  point  explosion,"  th®  motion  of  the  air  in  the  siiock  wave 
at  olose  distanoea  ftrom  the  o:q>loi»ion  origin  «  similarity  solutioil, 

since  it  is  Ind^endent  of  any  of  the  lixioar  initial  parameters  oharaoteriaing 
the  e:q;)losion. 

By  "similarity  solution*  motion  we  should  understand  moti:>n  suhh  that  tiie 
^atial  distribution  of  any  value  is  decreased  similarly  with  itself  in  -Hma, 

In  order  to  stu^.  a  point  erosion,  the  basio  system  of  differential 
eqpations 

7/^ 


■  dt 
dinf 


dl 

d£- 


dr 

d  In  p 


du 


Nu 


dr 

d4 


dr 


=0, 


(84.1) 


is  traxisfozmed  Into  a  system  of  pommon  differential  eq^tions«  since  all  tixe 
parameters  oharaoterlslng  -iixe  motion  of  the  air  in  the  shook  wave  oan  he 
e:^reBsed  hy  the  relationships  , 

u^t^-^Uz).  p^r'niz),  !  (04^,2) 


ishere  s  >  r /t  is  an  independent  fUnotibn(  a7  and  at  are  oonstants.1 

In  order  to  obtain  'ttie  unknown  differential  equation^  we  shall  introduoe 
the  change  '  ie«op/p.«  lEhen  eq)iatlon  (64»l)  will  aeiuise  fbon 


I _ _  . 


du  ,  du  , 


PInp 


d  |o» 


()ln» 


dinp 


or 

^Int 

~sr 


Jr 

du 

JF 


dw 

-JF 


Nu 


=  0. 


■(T-"l)( 


^Inp 

-Jt 


(84.  S) 


Tron  the  second  equate  of  (84.5)  it  foUovrs  that 

tine  ,  d In e  /da  ,  Na\  1 

Substituting  the  ejqpreesian  on  tne  right'  hand  side  in  the  last  equation 
of  (84.5)  we  obtain 


diner 


,  d In  er 


Intzoduoing 


i  w 


■  \  vr  ■  r  I 
fl 

-pi  e  we  obtain  the  ectaatlons 


(84.4) 


x  —  x+xx'-j-y'-i-x^‘i-2y-{-y-^>=0, 
f+Jff+Jc'  +  (^+ 1)^  =  0, 

,  ^  ■f  +  ( T  —  1)  U' +  (/V  + 1 )  r  i -}- 2  (r  —  1 )  ==  0. 


(84.5) 


7// 


Eerop  for  exaniplef 


•  dx 

•*  — JlH7' 


Ve  shall  now  derive  the  solution  of  this  system^;  ssmuilzjg 


:x=x(z),  y=y(z),  i>  =  t‘’i,(z), 


(84»6) 


where 


X  — —  a, 


dinf’l 


/ _  dx 

!  dim’ 

Bguatlon  (84.5)  xiow  takes  the  fom  : 

dx  (X  —  d,  +  1) -h  </y -f-y  ^  +  (2>  —  X)  In  ^  =  0, 
^{x-a,)  +  (T-l)flrx  +  tflnr(xi;V(T-l)-f-T  +  l)  -2)=-0, 
■ (x  -  fl,)  +  tfjc  +  KA' + 1)  X + oj]  </ In  r  =  0. 


henoe  we  find  that 


din,  ("i— 

dx  (Af(,_i)^.,^lj4r-2  =■ 

_ _ (Hi  — ■*)*  — Ty  _ 

yli!(ai—  1)  +  (»,  +  t(A^+  1)  jt)  —x(l  —  x)(ai  —  x)' 

-Inv,  =  ln(x-a,)  +  f 


(84*7) 


VTe  have  one  differential  equation  of  the  first  order  in  the  whole  oA 
the  derivatives  •  Its  solution  will  Tjo  Fi{x-,  y;  ct)=0:  a,.  is  dsiersinod 

"by  the  quadrature 

f’tix;  y,  z;  c,;  cp)==ap, 

and  rj  la  determined  hy  the.  quadrature  _ _  _ 

Ft  (x;  y;  z;  n;  Cii  c,!  C|)  =  0.i 

As  a  result  vrer  obtain  a  solution  dependent  upon  six  constants  :  throe 
obtained  ly  integration  (c.  r,  and  c^)  and  three  Iniioduoed  the  solution 
as.  T>  ;  at  the  same  time  the  constant  ,f  can  be  introduced,  since  the 


equatior-E  arc  unaltered  by  substituting  t  +  T  for  t 


Relationship  (84.2)  follov/s-  automatically  from  relationships  (84.4)  aau. 
(84.5),  so  that 

‘  ,0  = 

Since  at  the  front  of  a  strong  shock  vrave  conditions  are  achieved  such  that 

P‘  -  T  +  1 
P.  T-1 

(where  is  the  velocity  of  the  shock  front,  and  the  suffice  "i'"  refers  to  parar 
metara  at  the  shook  front),  and  also 


lies  on  a  ourvo,  whioh  j.3  the  solution  of  the  equations  for  a  strong  shook  wave 


from  a  point  explosion.  As  a  result  of  f  equation  (84.7)  taJcos  the  form 

I  ■  ■ 

!  rfin, 

:  =_^ _ <a)  — ■»)<  — ry _ 

:  y[J(fli-l)  +  T(W+l)jr]-jr(l-jc)(a,-jf)  > 

~\n-r\^\n\x  —  ai)-\-{N  +  \)fj~d\nz. 

In  order  that  the  aoftution- should  be  doteimlnate ,  it  is  necessary  to  know 
the  oonstont  ai.  The  constant  'tj  without  limiting  tlie  generality  of  the  solution, 
can  bo  assumed  equal  to  zero,  on  the  assunption  that  the  explosion  takes  place 
at  time  t  =  0.  In  the  given  'Oase  ,  di'is  determined  from  enerfo'  considerations. 

We  write  down  the  expression  for  the  total  energy  of  the  shook  wave  at  any 
instant  of  time  (as  long  as  the  v/avo  is  a  strong  one)  : 

(84.01) 

'  *■»  * 

Kero  .  A,  a  2  for  N  a  0  }  A.  a  2it  for  Na  1  ; '~'/4 “n'i  ,it  for  N  a  2.  Esgjressioa  (84.11) 
reduces  to  .the  form 

'  ^  \ 

£=  A  f  +  (84.12) 

I  .  0  *  ,  ,  " 

Since  the  total  energy  is  constant,  then  tlid  ihtegiwl  siibuld  be  independent 
of  t  ,  and  therefore 

'••2  (a,  - 1)  +0,  (A/+ 1)  +  B,,  =,  0. 

or 

<i,(A/+3)-|-aa  =  2.  (84,13) 

.In  the  ooso  under  consideration  aj  =  0  and. 

N  +  3  '  (84.14) 

Consequently,  for  a  plane  wave  for  a  oylindrloal  wave  ai=-^,  and  for 

a  spherical  v/ave  a,  =  j. 

Thus,  equation  (84.2)  assumes  the  form 


(84,10) 


If +  3  If+l 


1 


(84.15') 


Uma,  at  the  wave  front  . 


I „  _ 

I  Pi-^r 


and.  the  velocity  of  the  wave  flx>nt  1&^ 


jV-fl 

Dt  —  Ui^r~  * 


(84.16) 

(84.17) 


SMs  result  was  first  obtained  by  LANDAU  in  1945* 

It  was  shown  hy  SYEDOY  that  the  solution  of  the  first  equation  of 
(84.7)  for  the  conditions  of  (84.14)  oen  be  written  ix^  a  single  ansly^loal 
font 

y=:l^x* 


(84.18) 

I 

It  can  be  easily  seen  that  this  solution  satisfies  the  initial  ooxw 

ditions  of  equation  (84. 9)  ^  l.e.  the  conditions  at  the  wave  front. 

From  the  quadratures  we  determine  that  - 

-«  r-i'  oi 


>  z  —  c^x 


[■*  "i  U  —  2)'+ 1  -  T  ] 


;Ti  =  p  =  r,(a,_^)T-i  ^ 


^  «i  (ir  —  2)  +  1  -t-  F  J  ‘  —  '^2'Pa  {x). 


We  determine  further  that 


(84,19) 


(84.20) 


==fiV>(^).  i 


7/5^ 


Here 

T?rom  equationa  (84,20)  and  (64,22)  we  determine  the  ten^erat'-ape 
/jr  =  =  (t  —  1)  cj  =  -1^  X 

P  4| 

X  (a.  — — [a:+  •.  (84,23) 

Fguations  (34»20)  -  (84»23)  give  the  distribution  of  the  primary  parameters 
of  the  shook  wave  behind  the  shook  front  and  the  values  of  the  parameters  at 
the  shook  trant  as  a  funotlon  of  time«  or  the  path  taken  the  shook  wave. 
Let  us  analyse  the  solutions  thus  found.  At  the  oentre  of  %  point 
e3Q)losion  for 


y-*oo,  7=0 

«B,0,  p««0,  /»«iCon»t-"?,  T-*oo, 


The  quantity  JL~£.‘  is  determined  from  equation  (84, 22) 
Pi  Pi 


Pi 


[T+l 

fli7  +  1  —  2ai  I* 

\  2i  j  ' 

^  T  j  1 

L  T 

2fln  +  3  — (4ai+7)J 

(84.24) 


Let  us  oonsider  the  limi  ting  oaae  ;  for  t  =  1  9=-^  for  acoy  value  of  K, 
Table  119  gives  the  values  of  6  for  various  values  of  H  and  T , 

Table  119 

Sependenoe  of  c'  on  the  Isentmpy  Inder 


T 

• 

1 

9n 

7/5 

6/3 

2 

3 

0,5 

0,45 

0,39 

0,36 

0 

'  0,18 

1 

0.5 

0.42 

0,36 

0,32 

0 

0,16 

Af  =  2  , 

0^ 

0,39 

0,34 

0.30 

0 

0,15 

Jbr  6  =  4(^)'^ 


,  For  H  «  0,  1,2  we  have  respeotlvely 

7/6 


Let  US  evaluate  the  integral  in  esQpression  (8^12); 
ve  obtain 

E^aJ  + 


I  ^ 

z 


-I  jfi  ■ 


It  follows  from  equation  (84»18)  that 

y _ ,  -t»  ra|--T  I  i1_  T- _ 

.  ^ 
ani  from  equations  (&4»  19)  and  (84»  20)  we  obtain 

¥l  T  +  1  ft 

2-^i^,  '“"T-lfrt’ 

where  <pw  and  the  values  of  the  funotions.  and  for 
Qua, 


m.  X  ^  A. 


T  fi{  9t( 


Zf  we  denote 


J  ®L  i 


Zhen 


7  f.i.ifsi- 


1 

Ve  shall  transform  this  e:qpresslon«  'Sihoe 

5  o„  ■  i 

/’<  =  T|TPo^*'“TTTP'^i  ^“‘• 


then 


.,a.  _  ,.W+»  _  7+1  Ii_  »+i 


2r<"-=rf 


-»Sp„ 


whioh  gives. 


Pi^ 


using  fozsula  (8414) 

(84*25) 

i 

'X^x,  r  — Zi,-  .  .' 

1 

I 

I 

1 

'l  , 

(64>26) 

'  (64.27) 


(84.28) 


7 


1 


If  wo  denote 


\  2«i  ;  T 


2^0 

-(7ni)(V+i)  • 


then  we  arrive  a'^the  egression 

Pt  jf+i 

N+\T^r-^  • 


(84.29) 


Here  - 


r^.  represents  the  Toluiae  oooupied  hgr  tiie  shook  wave. 


If  we  designate 


r^■ 

Pi 


1  —  1 


t  whore is  the  mluae  energy  densiiQr  at  Ihe  shook 

ftrant,  then 

E^ioViEi.  (84.50) 

Sinoe  E  oan  be  represented  in  the  form  Sc  ViE  where  /!£.  is  Ihe 
mean  voliime  energy  density*  then  k’=-§f-  denotes  the  ratio  of  the  aesa 
energy  density  to  the  energy  density  at  the  shook  ftront. 

Zbej^Jne  of  will  be  neoessaxy  for  our  further  ooloulatioeis*  Sinoe 

_ 2“’  .  T— 1  dW+l)  -•-rdia-u 

then 


£(Ar+l)(TH-l) 

/l{„2a»p. 


which  detennixws  the  value  of  Pi  by  the  relatdonshLp 


then. 


- _ £(A^+1).]*' 


If  we  designate  . 


— L„  rjt=iiH±ii' 


Hif+»  ; 


(84.31) 


(64.52) 


(64.55) 


The  results  of  oaloulation  for  a  spherical  and  (^lindiloal  shook  wave 
are  presented  in  Piguros  210  and  211. 


7// 


PiKUre  210 


IXistriliutioxx  of  parametars 
at  tha  front  of  a  apheri- 
ool  siadlari-tgr  solution 
shook  vava. 


Pjgure  211  Distribution  of  parameters 
at  the  front  of  a  oylin.dri< 
oal  sinilaritiy’  solution 
shook  «ave. 


Let  us  pass  on  to  the  detennioation  of  the  incise  for  a  strong 
slm.Uarity  solutloa  shook  wave.  01nrlous3or»  the  loqpulse  acting  on  unit  aurfaoa 
peipendioular  to  the  ware  relooiiy  at  a  dlstanoe  n-  trm  the  centre  of  the 
explosion  is  detenoined  hy  the  formula 


/«  J  pdt=B  f  at. 

.  ii 


(84.  S4) 


Uoi-e  '  r,  =  2,rr’  is  the  time  during  which  the  ware  front  travels  a 

dlstanoe  ,  %  Henoe  it  is  olesr  that  In  the  oxw-dlaansional  ease  N  «  0  for  a 

plane  wave  _ 

/ — 

for  a  oylindrioal  wave  (N  «  1  )  -- 

/  — ^Jn  ~  ;rir,, 

and  for  a  spherloal  wave  (N  a  2)  . 

S5  1 


I' 


Yr,  ■ 
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Xhusy  the  impulse  proves  to  he  finite  only  for  &  spherical  wave  foz‘ 
n  oo  .  But  this  is  understandable*  since  in  idealising  the  prohlem  we 
assume  that  the  external  counter-pressure  is  equal  to  zero. 

Actually*  if  the  exterxial  counter-pressure  is  taken  into  account*  then 
for  a  plane  and  a  oylindzloal  wave  the  inpulse  acting  on  unit  s&rfaoe  will 
always  have  a  finite  value  at  any  distance. 

We  shall  present  a  few  oalculations  carried  out  for  a  more  real  oase  - 
a  strong  spherical*  similarity  solution  wave  (K  a  2  * '  .  a,  air  density 

■  V 770  ^cm®  ),  On  evaluating  the  integral  in  (84. 26)  we  obtain  •  i 

S  -7  * 

for  to  <j*l.e.  for  a  heated  air  shook  wave  (evaluation  of  this 

integral  is  carried  out  aumerioally;  since  the  integral  is  insolvable  in  the 

general  form). 


Bence*  using  fozuila  (84»2d)  vra  obtain 


whioh*  for  T  ■  ^  gives 
4 


»_  8*  -I 


p  32ii  j 

—  r], 


(84.65) 


Purtber*  talcing  equations  (84.51)  and  (84.52)  we  obtain 

1  -  • 

5  — je»,  2-J*,25£», 


whenoe 


(in  the  O.G.S,  system). 


3  I  -L 

.  REi  .  .  /~T 


(84.56) 


Ihese  fomilae  are  valid  only  up  to  a  definite  distance  (up  to  a 
pressure  at  the  wave  front  of  about  10-20 


S^Jrthe^  on  the  density  at  the  wave  front  is  reduced*  the  r/ave  readjusts 


energy  of  the  air  set  in  motion  Toy  the  shook  wave  oommenoos  to  play  a:  , 
aigaifioant  role.  This  factor  also  disrupts  the  siailaiHy  solution  behaviour 
of  the  notion,  since  the  flow  of  energy  is  not  oubjeot  to  the  law  of  slMlaritgr, 
Assuming  that 

E=mQ^~itr>p^Q 


(a  is  the  mass  and  /’„  the  radius  of  the  oharge  )  wa  arrive  at  the  oonolusion 
that  by  tAklng  into  account  the  intrinsio  energy  of  the  air  in  the  vioinity  of 
the  point  of  explosion,  the  energy  balance  (equation  (84*29)  will  be  detezstlned 
hy  the  relationship  i 


24b/-<  Pj  _  iKfl  ^  />, 


in"  T— 1 


(the  second  term  of  the  right-hand  portion  of  the  equation  allows  for  the 
intrinsio  energy,  of  the  air  set  into  ootlozO*  After  transformation  «s  obtain 


S(T-')PoC> 


(^)  4.^,; 


(84.  S7) 


i^ere 


^P=Pi—Pt. 

Segleoting  '  in  comparison  with  Ap,  since  the  wave  is  a  strong  one,"  and 
after  substituting  ihe  values  'Po,  >1*6  g/om^,  Q  ■  1000  koei/lcg  and  -f  ■  1.25 
we  obtain 


dp  =  26  000 


(34.58) 


This  foxmi0.a  is  valid  for  distances  at  which  the  wave  is  still  strong 
Consequently;  a  pressure  of  25  k&'om^  is  attained  for  i,eb  eppvoxl- 


mately  at  the  same  distances  as  for  an  actual  e^qfLosion. 

The  iheoiy  of  a  strong  point  explosion  which  we  have  oonsiderea  is 
valid  only  in  the  region  in  which  the  pressure  ahead  of  the  shook  front  can 
be  negleoted  in  aoaparleon  with  the  pressure  'at  the  shook  front,'  1*  e.  at 
relatively  small  distances  from  the  oentro  of  the 

At  the  same  time,  for-  the  explosion  in  air  of  a  ^erical  oharge  of 


7^/ 


the  usual  escplosives,  the  basic  relatioruships  at  the  shook  front  as  a 
function  of  the  charaoteristios  of  the  charge  and  of  the  diatanoe  can  only 
be  established  approximately  at  present.  The  impulse  of  the  shook  ■wave  is 
determined  by  a  more  or  less  accurate.  oalaulatlon,„.Sowever«  this  is  inadequate 
for  estimating  the  radius  of  the  destructive  effect  of  a  normal  or  an  atomlo 
e^qplosion.  It  is  essential  to  know  the  charaoteristios  of  the  esqplosion 
field  (pressure}  velocity  head}  impulse  etc)  in  the  region  where}  in  the 
hydrodynamic  sense}  the  ■wave  is  no  longer  strong}  but  Is  still  capable  of 
causing  oharaoteristio  deatruotion. 

The  development  of  machine  oaloulating  techniques  nowadays  permits 
similar  problema  to  be  solved  relatively  sinply.  ShuS}  the  problem  of  a 
powerful  eiqploalon  in  an  infinite  ataooqphere  of  constant  dsnsily  has  been 
solved  by  mmerloal  integration  with  the  aid  of  eleotronlo  oonputors*  IQie 
results  of  ths  solution  are  presented  in  a  report  by  Broud  in  the  form  of 

i., 

graphs  and  ooUeetlve  tabular  data  for  the  enpirloal  foxnulaeb  The  problem 
has  been  solved  for  three  oases  :  a  point  explosion}  an  isothermal  sphaire} 
the  density  of  the  gas  inside  of  which  is  equal  to  the  gas  dexisity  outside, 
the  sphere}  and  an  isobario  sphere}  the  inside  temperature  of  whiob  is  equal 
to  the  gas  tenperature  outside  the  sphere.  The  Initial  pressures  in  the  iao" 
thenoal  spheres  are  2000  and  121  atm,’  respeotlvely. 

She  initial  pressure  of  the  medium  outside  the  sphere  and  in  the 
medixun  surrounding  the  point  source  were  taken  as  equal  to  one  atmosphere, 

L  similar  oaloulation  has  also  been  oarried  out  by  lJ,E,0KH0TSIi3EI-I, 
I,l,KDNnRASHEy,  Z,P,VhAS0-7  and  2.K,KAZaK0V  in  the  Mathematical  Institute  of 
the  Aoadeny  of  Solenoea  USSR  for  a  somewhat  more  extended  range  of  pressure 
at  the  shock  front  than  in  Broud*  a  paper. 

We  shall  give  the  primary  results  of  the  numerical  solution  to  the 


proMem  as  stataS.  As  pzloary  variables  v«  talce  1:110  dimensionless  distance 


X«:- 


and  the  dimensionless  time. 


/c. 


vdiere  is  the  diatonoe  f^rom  the  ei^loaion  oentrot  is  a  quantiV  proper^ 
tional  to  the  e:^loslon  enerjgy  converted  .Into  the  shook  wave  (dynamio  length} « 
t  is  the  time  and  c«  is  the  velooilT'  of  sound  in  the  gas  ahead  of  the  shook 
fk«nt  i  ^  la  determined  by  the  relationship 


7  =  ;^/  I  '  C64*'59) 


ehere  is  the  energy  isparted  to  the  gas  by  the  eaplosion>  p,  is  the  ataoB> 
pherio  pressure  (the  pressure  ahead  of  the  shook  front)}  p  is  the  density  of 
the  gas  behind  the  shook  front}  u  is  the  velooity  of  tiie  gas  behind  the 
shook  front}  is  the  speoiflo  internal  energy  of  the  gas  in  the  shook 

irave;  T  is  the  adiabatic  index  of  the  gaS}'  assumed  to  bo  constant  in  the 
prbblms  to  be  solved}  is  the  distance  from  the  eiyiloSion  centre  to  the 
shook  front,  is  the  i^eoifio  kinetio  energy  of  the  gas  in  the  shod:  wave, 
She  second  tens  of  the  rig)it  liand  portion  of  relationship  (84»<59) 
gives  the  initial  internal  energy  of  the  gas. 

She  d^endenoe  of  the  ove3>pre8sure  at  the  shook  front  on 

=  is  shoTui  in  !7ig^2l2*  She  continuous  curves  give  the 

dapendenoe  of  npi'fXi)’  for  a  point  eicplosion}  and  the  peeked  ouzves  depiot 
•the  depondenoe  of  the  overwpressuro  at  the  ahook  front  on  Xi  for  the  oase 
of  laothcrmal  ^erea  -with  an  initial  oveipressure  of  2000  aim,  and  120  aim,. 
Bie  dot-dash  ourves  d^iot  the  solution  for  an  isobario  ^re. 


7^3' 


+  1  atm 


(84,42) 


and  (84, 4l)  can  be  wri.tten  -thus  ; 

Up.  u  6.70  }  eg. 

i 

and 

Up.  »  0, 075  +  1.455 

A  < 


+ 


5.85 


r2, 


0«  0X9  wiQ| 


(84,45) 


where  is  the  ©IT  equivalent  of  the  eaplosico  with  respect  to  the  shook 

wave  (for  the  case  of  an  eo^losion  in  an  unconfined  infinite  atmosphere). 

It  follows  from  Fig.  212  that  the  solution  for  isothezmial  spheres 
praotioally  oorret^nds  with  the  solution  for  a  point  explosion  eommenoing  at 
r  >  '.irt  f  ‘Le,  when  the  mass  of  gas  set  into  motion  the  shook  wave 
exceeds  the  ozlglnal  moss  of  gas  in  the  isothermal  s^ero  I37  a  factor  of  10 
or  more. 

She  d^endenoe  of  the  maximum  velooil;/'  head  Q/  »  ^  (p  1  is  the 
density  of  the  gas  at  the  shook  front  and  ui  is  its  velooity)  on  the 
dimensionless  distance  ii  is  shown  in  Fi^215  (for  a  point  es^losion), 

Figure  215.  Oependenoe  of  marirmuii  velooity  head  on  dimensionless  distance. 


Qi 


/ 


Hhe  dopendenioo  of  «/{■  on  'Xj  within  the  range  Ani>  6ml  aiao,  ia  woU- 
descri'bed  'ey  the  etopirioal  foxrula  '  ' 

--  Vt"  I 

«i=a0,30X =3.66-^?-. 

.1  '■(  -  (84.44) 

Bie  change  In  pressure  hehinii  the  shook  front  at  different  relative  d^-atnuoes 
ia  shoitn  in.  214.  !Ihe  peeked  lines  show  the  ohange  in  pressure  as  a 
fUnotlon  of  the  coordinates  and  the  numbers  beside  the  peeks  of  the  ourves 
show  the  time  after  ei^oslon  in  tiie  dimensionless  units 

■  _ j 

Ihe  dimensionless  distanoe  is  related  to  the  dlstanoe/l  up  to  the 
shook  front  by  the  relationship 


'fj'  'lePfi  «2,16. 


!Ihe  envelope  drawn  through  the  vertioea  of  the  broken /ourves  gives 

the  dependenoe  of  the  pressure  at  the  shook  front  on  the 

distance  S  • 
o 

Ja&aifi  shows  the  dependenoe  of  the  time  of  action  of  the  oanpression 
and  rarefaction  pheoes  (ourves  1  and  3  respectively)  of  the  shook  wave  on 
diBt(Bioe(ln  dlfflensionless  units). 

jagyg  a,g  •'  dependence  of  time  of  aotion  of  the  oosgiressioa  and 
rarsfaotlon  phases  of  the  shook  wave  din  dimensionless 

I 

diatanoe. 


Sbr  shook  waves  froma  nonoal  es:£>loBives«  acoordin^  to  Sadovsklif  the  tine  of 
action  of  the  oon^esslon  phase  is  equal  to 

YK>  _ 

_  1 1^  jl 

viioro  q  is  the  wei^t  of  the  charge.  But  >,  aaiviy" JL,  -mj—  .  g.  . 

'  Pt  e.  ^“4,37. 10** 

and  q  - - —  ■  •-  ,  where  2  is  the  energy  of  erolosive  charge  :  •tiie 

4.  27  •  10® 

{^oiflo  energy  is  assuioed  to  he  equal  to  1000  koalAs  ■  4*27.«  10°  k0i/kg(!QIT)»' 
After  substitution  we  obtain 

t  =  0,26/x;. 

CoBiparison  of  data  with  resipeot  to  tine  of  action  of  the  shook  wave  shows  that 
the  tine  of  aotion  of  the  oocpzvssion  phase  for  a  point  esplosion^  Just  as  for 
a  nomal  esploslon.  is  dasoribed  ty  the  sane  laws,'  1.  e.  the  tine  of  aotion  is 
proportional  to  , 

She  tine  of  aotion  of  the  rarefaction  phase  is  practioalljr  independent 
of  distance  t 

a 

t  =.1.22=*^ 

■  .6  ,  • 

and 

Wg.  216  shows  the  ohange  of  pressuw  with  time  at  different  distances, 
oharaeteilBlng  the  overpressure  at  the  shook  ftront  (.x  is  the  tine  of  aotion  of 
tile  OQDpresslon  phased  where  0  ^  <  t) ). 


ChaAge  of  pressure  with  tijne  for  shook  waves  of  different 
intensitQT  (at  different  dlstanbea  from  the  es^losion  centre)* 


if  I  atm,  then  a  =  j  +  ^p,t.  » 

For  shook  waves  with  1  atzb  S  atn.  , 

•  -(0.13 +0.20AP, .)•(-]. 

A  veiy  similar  relationship  is  also  eatahlished  for  the  velocity  head  : 


where  for  waves  with  APi<JL  atm,  h  ■  0.75  +  Z,2^p^, 

It  should  "ba  noted  that  in  the  region  where  the  atmoepherio  pressure 
can  be  nogleoted  in  oonparison  with  the  pressiire  at  the  shock  front; 
solution  gives  results  praotioally  Identical  with  the  analytioal  solution  of 

the  problem  for  a  strong  point  e:g>losion;  according  to  fiKSBOV  and  Sa!AIl»JlK)VIcm, 
ais  holds  good  for  the  region  liisvo  ,'>.<  <  0.2, 


^Vhat  has  heen  said  is  verified  in  £ig.217,  where  the  continuous 
ourves  show  the  variation  of  the  gas  parameters  "behind  a  similarity  solution 
type  of  shook  frontj  and  the  peaked  ourves  show  the  same  for  a  point  explo~ 
Blon«  taking  into  account  the  oountesvpressure  (for  two  time  intervals). 

For  the  numerioal  solution  of  the  problem  of  a  point  explosion  it  has 
"been  assumed  that  the  gas  set  into  motion  is  ideal.  Zhis  is  valid  if 
<10  atmi  as  applied  to  air.  ' 

Since  the  mass  of  air  oonpreseed  "by  the  sltiook  mve  up  to  a  pressure  of 
Ap  >  10  atm,  amounts  ta  only  ^  of  the  mass  of  air  ooo^ressed  "by  the  wave 
up  to  1  atm.«  then  the  soldtion  is  valid  with  sufficient  aoouraoy  for 
air  in  the  region  where  AP|<  lO  atm.  In  the  region  where  Ap^  >  10  a-ba.>‘ 
it  is  zMOessazy  to'  take  into  aooount  the  noncidealily  of  air»i  No  aooount  is 
taken  in  the  solution  of  the  transfer  of  explosion  energy  "by  radlatlon>  which 
for  very  powerful  ej^jlosiona  may  be  of  considerable  magnitude.  Also* 
and  dissociation  prooesses  are  not  taken  into  aooount;  but  these  are  signlfi- 
oaut  only  iui  the  region  close  to  the  a:;g>losion  focus. 

Up  to  now  we  have  oonaidsred  the  divergent  shook  waves  which  are  formed 
by  e:9an8ion  of  the  detonation  produota*  Now  we  ahull  oonslder  a  strong 
spherioal  shook  wave  travelling  towards  the  oentre  of  aymmetxy;  and  wo  shall 

I 

assume  that  the  medium  in  which  the  wave  is  propagated  obpys  the  equation 
of  polytropy 

pv''  =  const,  ,  (84,45) 

She  theory  of  this  motion  has  bean  developed  by  LANOAU  and  SEAHXUKD'VIoa 
in  1944,  In  order  to  study  the  properties  of  a  shook  wave  converging  ftom 
lafinily  towards  a  oentre  of  symmetry;  the  results  of  tee  theory  of  a  point 

o^losion  twn  be  used;  since  the  aotioa  of  the  alailar  wave  will  be  that  of 
a  similarity  solution. 


73^ 


RLflure  217»  Distribution  of  gas  parameters  behind  a  sliook  ftont 
(similari'ty  and  non-almilarii^  solution)  for  tvio 
tioo  intervals. 
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The  Bq,uatiohs  and  tlie  initial  conditions  at  the  v/avo  firont  are  the  same 

as  in  the  prohlem  of  a  strong  shock  wave  divergent  fron  the  centre  of  sjawnetry. 

Our  problem  has  been  stated  up  to  now  as  being  eqjiivalent  to  the  problem 

of  a  strong  shoolc  wave  diverging  from  the  centre  of  symmetry.  Howevori  tlie  region. 

of  existence  of  a  solution  in  the  latter  case  is-  defined  ss  0  ,  since 

for  tlie  given  t  =  t^^  ,  r  varies  from  r  «  r^-  to  r  o  0  .  In  thi*  case  of 

the  divergent  wave  the  p£tramoter ,  Oj  ia  deteimined  from  the  Laav  of  Conservatioi 

‘  2 

of  Energy  and  can  be  found  from  the  relationi^p  ai  a  • 

In  tlie  problem  being  considered,  when  tlie  motion  of  the  w^ve  is  slso  that 
of  a  similarity  solution  but  the  wave  moves  towards  the  centre  ftan  infinity, 
the  rigion  of  existence  of  a  solution  is  deteiininad  as  z  <  oo.  i  „  Uie  value 

of  the  parameter  ar  cannot  yet  bo  detarminod  from  the  Law  of  Conservation  of 
Energy,  since  the  total  energy  of  the  similar  wawe  is  infinite.  It  should,  be 
determined  as  a  result  of  other  oonsiderati  ona.  ^  2|^  should  also  be  other  than  in 
the  case  of  the  divergent  wave. 

In  order  to  simplify  future  oaloulations ,  the  convergent  wave  oan  be  con- 
sideredj  as  a  divergent  vmve  by  replacing  t  witli  -t  and  u  with  —u,  i.e.  as 
if  the  motion  of  the  wave  wore  reversed. 

First  of  all  wo  shall  see  if  a  solution  exists  within  the  range  a^.^3'<oo;  ■ 
for  this  —  oo<  r<0.  Sinoe  the  velooity  behind  the  shodc  front  should  faDl 
(or,  in  any  case  it  shoi.ild  not  inorsaso),  then  by  oonaidering  the  process  for  any 
fixed  instant  of  time  t  =  t^,  the  conclusion  can  be  drawn  that  x=au^  falls 
behind  the  front  and  for  .r-*-oo'  ,  x==0;  J  thus  '«.•  remains  finite.  Consequently, 
i.r*  should  bo  determined  within  the  range  ,  and  the  value  of  the 

derivative  is  ■■  < 0  0  (for  a  divergent  wave  ^  ®  )•  Substi¬ 
tuting  lii  equation  (84.10) ,  the  value  of  x'and  '  y  at  the  point  shall 


have 


x  =  a 

do  not  satisfy  the  unknown  soltktion,  ainoe  hy  this  the  values  of  a*  ere 
obtained  lass  than  the  limiting  value  ^  which  follows  ftom  equation  (84.47). 

For  -**=“<11,  ^=«0  the  wave  is  divergent.  In  this  case  the  inequality  (84.47) 
is  not  maintained  and  >  0. 
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If  the  solution  of  aquation  (84.10)  is  written  in  the  form 

y.  ai)==»Ci( 

(  cr  is  the  intafyation  oonstant),  than  it  is  required  that  the  line  ,(84.48) 
passes  through  the  points  'x,y,  end  x^,  .  Henoe  it  follows  tliat  since 

X,  y  :  end  ■%,  y,.  az^.  in  essence  functions  of  ,  then  we  oan  write 

?(a«)*=fi  i  > 

idienoe 

Trtiioh  also  detenninas.unambiguously  the  value  of  Oi/.  Equation  (84.10)  has  no 
snaljirtioali  solution  which  will  satisfy  the  conditions  posed|  end  therefore  the 
value  of  ariimiBt  be  deteimined  numerioally.  However,  an  approxlmte  value  of  'Oi 
oan  be  found  by  supposing  that  the  exnresaiona 

..  (ai-x)f-ry,  y[2(a,  —  ^-^j(A/-h\)x}—x(l-x)(at-x) 

vanish  simultaneously.  Henoe 


A/(t-1)  +  7  +  - 


(g|  -  Jf)* 


a!IIA^(T-l);^T4-ll*)-(3-;vO«.fA/(T-l)  +  Y  +  lI-; 

-2(/V-U-T(T-l)(iV4-l)=»0. 


(84.49) 


We  note  also  that  the  radioand  expression  In  (84.48)  should  be  greater 
' 

than  zero,  otherwise  the  roots  of  ■*  will  be  imaginary.  The ’dther .  apprdxinlate 
value  for  ai.,  determined  from  the  oonditiona  of  inequality  of  the  roots  of  x 
and  X  ,  should  also  satisfy  the  oonditions  of  the  problem.  We  shall  determine 
this  value.  Let  the  radioand  expression  in  (84.48)  be  equal  to  zero}  then 


.2  (1  -  a,)  -  T  +  a.T  (A/  -t- 1)  =»  V" ( 1  -  a,).- 

Henoe 

.  rar([T(A^+l)-21‘+8TA0- 

-2a,  {(T  -  2)  (t  I  A/  +  1 1  -  2]  +  4t/V)  +  (2  -  t)*  =  0. ; 


(84.50) 


One  of  the  values  of  at  agrees  approximately  with  the  value  doteisrined  by 
formula  (84,49)  ;  the  other,  close  to  zero,  does  not  satisfy  the  conditions 
of  the  problem, ' 

In  order  to  solve  elation  (84*  lO)  it  is  essential  to  know  the  value  of 
at  ,  is  shown  by  analysis,  Or  is  determined  almost  exactly  by  relationship 
(84,50),  baaed  on  our  oal.oulations« 

Let  us  see  what  values  are  assumed  by  ai  'for  various  values  of  S’  and  • 

Analysis  and  oaloulatioa  show  re^eotivoly  that  for  t  =  1  ai  •»  1  for 

N  s  0,  1,  2  ;  for  ‘r->aa  (inoco^ressible  liq^d)  a,  >  1  for  K  ■  0  ,  Oi  »  2 

for  N  ■  1  and  fozrlT  ■  2.  Stor  a  spherical  shook  wave  (N  a  2),  ooi>» 

8 

sideration  of  wioioh  presents  the  greatest  interest,'  ths  values  of  at  for 

7  . 

T  a  and  T  a  3  have  been  ooloulatod,  as  a  result  of  which  Oi  was  found 
d 

to  be  equal  to  0, 717  and  .0,  6S8  reapeotively. 

In  order  to  oo^letaly  eaplain  the  properties  of  the  phenomenon,  the 
solution  must  be  analysed  in  the  vicinity  of  the  point  -y  a  0,  which  oorres~ 
ponds  to  an  infinite  distance  from  the  centre  for  rj  >  0  and  to  aiy  finite 


distance  from  the  centre  for  /'<  a  o,  i,e,  when  the  wave  has  reached  the  eentee, 
Ebr  this,  J^iL_,co,  x~-^  =  0,  y~-^  =  0  and  equation  (84al0)  in 
the  vicinity  of  the  point  e  =  0,  i/;==  0  assumes  the  form 

dx  _  X  <l2  _  z  .  . 

dy  2y  ’  dx  .if  '  51) 

Ihese  ejqirassioxis  are  obtained  if  terms  of  the  second  end  high^  orden  are 

nagleotod  in  equation  (84,10),  i,e*  tbe  terms  xK  xy  and.  fi~xK 

It  follows  naturally  ftrom  these  relationships  that  y'^x*  andz'^-j. 

Ihe  second  eq^atlon  of  -(84,10)  in  this  oase  assumes  the  form 

—  Imi==ln  r  =  In  fl, =!Const.  (84*  62) 

We  obtain  (84,52)  after  substituting  the  value  ofj  as  a  ftinotion  of  «  in 


the  second  equation  of  (84.10),  from  the  relationship 

dz  _ 

dx  X  * 

Henoo,  p  =  Pii„  const,  «  oonat  ,  p  »  »  oonat,  sinoe 

In  0  =  In  ai  +  const,  p  =  u  —  *j~t. 

We  note  that  the  velocity  “  is  negativa  everywhere  after  substitution  of 
/.by  — (  and  of  u  by  — «• 

Iho  limiting  values  of  density,  velocity  and  pressure  may  be  found  only 
by  a  numerical  method.  At  the  front 

i.  e. , 


-r  “i  ' 


Q|-»l 


(S4.55) 

(84.54) 


ehere 


For.  a  ^erioal  wave,  the  valuer  of  the  parameter*  b  and  of  'ttie 
limiting  density  given  in  a  table. 


T 

6 

Him 

H 

■ 

1 

0 

2.72 

7li 

0.8 

2.70 

3 

1,1 

1.45 

CO  . 

3,3 

1 

She  results  of  oaloulations  describing  the  nature  of  propagation  of  a  . 
spherical  convergent  detonation  wave  for  T.  -  5  are  shown  In  Figs.  218  ~  220, 
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Piggre  218.  Dis-trlbutioni  of  pp"  ■-'-Bters  the  fj?ont  of  a  i^erical 

ooavergwit  detonation  wave. 


She  oonslderationa  developed  here  oonoemlzig  the  properties  of  a  strong 
convergent  wave  oan  he  applied  sMooessfuUy  to  the  study  of  oonvergent 
detonation  woves*  She  entropy  at  the  front  of  the  similarity  solution  wave 
inoreasesy  the  pressure  also  inoreasea^  being  subject  to  the  law  which  we  have 
established  for  convergent  shook  waves.  , 

Uie  distribution  of  parameters  behind  the  front  of  a  detonation  wave 
will  be  somewhat  different  from  the  case  of  a  shook  wave. 

As  a  result  of  our  xnvestigationsythe  oonolusion  may  be  drawn  that  the 
pressure  at  the  front  of  a  shock  wave  converging  towards  the  centre  of  syrt^ 
metiy  increases  approximately  inversely  proportionally  with  the  distance  fTon 
the  oentro  •  ^therefore,  for  convergent  shook  waves,  and  even  moreso 

for  detonation  waves,  the  pressure  in  regions  close  to  the  centre  of  symmetry 
may  attain  enormousa  .magnitudes  (  of  the  order  of  mllllonp  of  kg/aofi  ). 


3M.sure  219  .  Variation  of  ^essuTfi  ’behind  the  front  of  a  convergent 
detonation  wavs  at  different  instants  of  tine. 


KLjiiure  22a  Variation  of  velooil^  behind  the  front  of  a  spherioal 
convergent  wave  at  different  instants  of  time. 
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For  oylindrioal  vaveSy  p - thus,  the  pressure  along  the  axis  of 

z^ymmetiy  loay  also  lie  conslderabi.  o, 

Confozmance  to  the  laws  as  stated  enables  one  to  draw  the  conoluslon 
that  in  convergent  waves  the  energy  will  be  oonoentrated  evezywhere  in 
smaller  and  smaller  volimes  aooording  to  the  degpree  of  oonvergenoe,'  iaO*'  the 
enerQT  density  will  inoreehe.  These  oonsiderations  have  an  it4>ortant  sigoifi- 
oonce  for  the  basis  and  establishment  of  the  ^eoial  features  of  the  loooess 
of  ouiaalation  and  of  oejrtain  similar  prooesses.  . 

§.  85.  A  i^pherioal  S:9losion* 

The  study  of  the  one-dimensional  dispersion  of  detonation  pxoduots 
and  the  resulting  shook  waves  has  enabled  a  number  of  laws  of  motion  to  be 
established,  which  we  shall  app3y  hers. 

We  now  pass  on  to  the  study  of  the  dit^erslon  of  the  explosion  products 
trotti  a  spherioal  charge  in  air*  The  e^^loslon  of  a  long  ^lindrioal  charge 
can  be  studied  by  similar  methods  and  wo  shall  not  awel3.  separately  on  tliis. 
We  shall  present  only  the  principal  results  at  the  end  of  this  seotion  for 
determining  the  pressures  and  ispulses  resulting;  from  the  explosion  of  a 
cylindrloal  charge. 

We  shall  give  here  a  few  approximate  analytical  results  for  a  apherioal 
charge,  and  wo  shall  now  show  that  the  explosion  field  resulting  from  a  real 
detonation  of  a  ^herioal  charge  oan  alv/ays  be  substituted  by  the 
field  of  a  spherical  charge,  assuming  that  it  was  detonated  instantaneously 
just  as  in  the  case  of  a  one-dlmonsional  detonation. 

Actually,  we  shall  consider  the  first  phase  of  dispersion  of  the 

explosion  products  for  a  real  ^erloal  detonation.  It  is  obvious,  first  of 
all,  that  the  pressure  in  the  explosion  produota  will  fall  more  rapidly  thnn 
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in  the  shook  ware,  since  the  isentropy  index  for  the  explosion  products  is 
considerably  greater  than  for  air,’  and  this  also  leads  to  a  rapid  fall  of 
pressure  in  the  explosion  products  as  a  result  of  their  eacpansion,  Sfow,* 
the  case  of  a  one~d1  mensional  explosion  after  sereral  interactions  of  the 
reflected  rarafaotlon  wave,  a  compression  ware  originated  which  travelled 
in  the  opposite  direction  from  the  gas  flow;  As  a  result  of  explosion  of  a 
spherioal  charge,  a  similar  oompression  wave  is  formed 

immediately  after  impaot  of  the  explosion  products  on  the  air,  i.e,  immedi¬ 
ately  after  generation  of  the  shock  wave.'  Rirther,  this  ooo^ession  wave 
travelling  contrary  to  the  gas  flow  fnom  the  explosion  products  and  passing 
through  a  regiou  of  shazply-falling  pressure  may  become  a  shook  wave.  Somehow 
or  other  iiis  oospression  wava(or  shook  wave)  begins  to  smooth  out  the  pressure 
in  the  explosion  products.  tOie  shook  wave  will  travel,  e^qperienoing  evezyt» 
where  lass  and  less  impaot  pressure  on  the  part  of  the  explosion  products* 

At  a  distance  of  about  lOr^  theexplosion  products  will  be  almost  atatlonass> 
and  will  give  up  practically  all  their  energy  to  the  air  (to  the  shook 
wave  ) since  the  Interactions  between  the  wave  itself  will  is»oth  out  the 
pressure  gradients  in  the  explosion  prcduots  * 

The  same  picture  will  be  presented  also  for  the  hypothesis  of  an  instaaf- 
taneous  detonation. 

In  the  oac-dineriaiwiiai  ease,  the  smoothing  out  of  the  field  of  a  real 
detonation  and  its  approximation  to  the  ease  of  an  instantaneous  detonation 
takes  place  at  a  distance  of  obout  20r^  ,'  tvhioh  corresponds  to  20 
volumes  of  explosive.  For  a  spherioal  explosion  this  will  oorrespond  to 
approximately  i,  e,  it  may  be  supposed  that  smoothing  out  of  the  field 

in  the  case  of  a  real  detonation  takes  place  after  the  rarefaotion  wave, 
whioh  is  formed  Tsy  the  oonmonoemant  of  dispersion  at  the  surface  of  the 


explosive,  arrivaa  at  the  centre  of  the  ohopgo,  is"reflected'*froni  it  and 
then  reaches  the  boundary  of  separation  botvnsen  the  explosion  products  and 
•Uie  shock  vava,  which  actually  occurs  at  a  distanoe  of  about  5  -  4r^  ■,  i.e*l 
considerably  closer  than  for  the  complete  expansion  of  the  explosion  products. 

We  have  shown  above  that  about  9C^  of  the  energy  of  -Hie  explosion  pro¬ 
ducts  is  transferred  to  the  air.  However,  the  energy  of  the  air  moving  forward 
(from  the  centre  of  the  explosion)  is,  as  measurements  shoW^'  less  than  this 
value  and  it  amounts  to  60  •  7C^  of  the  total  explosion  energy,  Shis  is  ex¬ 
plained  by  the  foot  that  the  prooeas  of  expansion  of  the  explosion  produota 
is  nozv-stationazy  and  the  boundary  of  separation  between  the  explosion  pro> 
duots  and  the  shook  wave  causes  oscillations  about  the  equilibrium  position 
(when  a  pressure  of  p=Pa)-  is  established  in  the  ej^loslon  products).  About 
20  •  2S^  of  the  explosion  energy  Is  involved  in  these  osoUlatozy  aaevementa, 
Zberefore,'  from  the  boundazy  of  separation  between  1iie  explosion  products 
and  the  air  zwt  only  one  wave  radiates^'  but  a  series  of  ex±*remely  rapidly 
dsnplng  shook  waves^  apparently  it  is  still  essentially  a  second  pulsation, 
sinoe  the  wave  originatiz^g  from  a  third  pulsation  will  be  so  weak  that  it  will 
be  praotioally  similar  to  an  ordinary  sound  wave),  Xherefore  in  the  (first  >- 
shock  wcive  travelling  forward,  not  of  the  total  ezplosion  energy  is  ia^anso 
formed,  but  25  >  20^  less,  i.e,'  the  shook  wave  vUl  contain  65  »  70^  of  the 
total  explosion  energy. 

Let  us  establish  how  the  awrage  pressure  in  the  shook  wave,  the  pressure 

at  the  shook  front  and  in  ttte  explosion  products  will  %a*y  at  different  dis¬ 
tances  from  the  source  of  the  e.'plosion. 

In  order  to  study  the  pressure  profile  of  a  apherioal  explosion  we 
use  a  hypothetical  instantaneous  detonation,  as  we  agreed  above.  At  a  distanoe 
of  r  >  (5  -  4)rg,  'this  pressure  profile  conforms  with  the  pressure  profile 
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for  a  real  detonation. 

We  note  that  for  a  real  detonation  ,  at  tlio  instant  of  formation  of 
the  shock  wave  the  initial  pressxnre  at  the  shook  front  is  greater  than  in  the 
case  of  an  instantaneous  detonation,'  'but  the  rate  of  fall  of  pressure  with 
distance  is  greater  for  a  real  detonation,'  which  leads  to  equalisation  of 
pressure  for  'both  oases  at  distances  of  (3  -  4)r^  approximately. 

Close  to  the  site  of  the  esgilosion  the  mass  of  air  engulfed  ly  the 
shook  wave  is 

K  =  (rl-r>)  =  4  C85.1) 

hence  it  follows  that 


where  r^  is  the  distance  Aram  the  oentre  of  the  explosion  to  the  ‘boundary 
of  separation  and  is  the  distanoe  from  the  centre  of  the  es^loalon  to 
the  shock  front,  Law  of  Conservation  of  Ubznentua  oan  be  written  in  the 
form 

M  ^0’  (85, 5J 

where  s  =  4nrf  is  the  surface  area  of  the  boundary  of  separation  and  ■-ui'f 
is  its  velooity. 


Slivse 


J 


■M^r 


\35,4; 


^in  the  vicinity  of  the  site  of  the  explosion 

.M + 

where  average  pressure  and  avereige 

velocity  of  sound  in  the  explosJ-on  products  for  instantaneous  detonation, 
then  relationship  (85,  S)  (ne^eotlng  the  quantity  p  which  is  small  in 


comparison  with  )  assumes  the  form 

_ 2 _ ?i  (V-fi)! 


■(  + 


_ .  3,2  LI.  f  c .  _ 


since  '  =  (po  Is  1*10  density  of  tb,o  explosive  charge).  Henoe, 


Ca^5) 


Rtrther,  suhatituting 


du.  .  du,  .  <//■? 

-37  “■* 


we  arrive  at  the  relationship 


\^enae 


*1;  *< 


_  ^  fa  f  1 

rf^;  iTi  +  i)  p»' 


7../  .  7o’ 


Ut  du\ 

H  h 


r*  — 

't  ^ 


2 

3(T  +  >) 


££A_v\*-4‘ 

p.^  «</ 


Die  solution  of  this  equation  for  the  condition  that  for  *•  ■  Jf. 


(85.6) 
then  u  =s  Ux 


does  not  present  dlffioully.  Here  uo  is  the  initial  velooiV  with  which  the 
produota  of  the  instantaneous  detonation  escape  into  the  air.  Die  value  of  Ux 
is  dateiinined  from  the  relationship 


2  Po  /,  “»V 


If  wo  write  the  general  solution  of  equation  (86,6)  in  the  form 


(85.7) 


_f.  f'*  _  _  P  vdv 

J  r*~r>  V  J  « -„T-» 


(85,8) 


where 


.  Pfi  O 

»  t'ffl 


~3(T  +  1)p/ 

then  it  follows  from  this  solution  that  tiia  velocity  and  pressure  falls 
rapidly  witli  distance,  approximately  according  to  the  law 


Tliose  relationships  are  valid  only  at  the  very  he^innins  of  the  motion.  Lator 

4 

the  explosion  products  no  longer  obey  the  lav/  of  isentsspy  p  =  sinoe 

tlie  pressure  falls  oonsidornbly  below  1000  -  500  As  a  result  of  this  it 

is  necessary  to  use  the  equation  for  general  i'sentropy  p  »  Aifi  ^  whpre 

ywx  ^  ^  Cfor  the  detonation  products). 

However,  instead  of  canbining  the  two  solutions  evaluating  the  integral 

\  2  '  2 

of  the  momentum  in  the  tvyo  zones,  the  approximate  relationsliip  , u  +  ^ — 'i 

should  not  be  uaed(wlTich  is  satisfied  accurately  only  for  one-dimen aional  motion) 
but  it  must  be  assumed  that  since  the  density  falls  as  r  hen  the  pressure 
falls  as  Hh  vrfiero  1,b  5  up  to  r  ='  2t^  and  then  T  "**  ■  .  Equation^  (85.5) 

t'non  assumes  the  form  ...  ■ 

!  ■  _  _  ! 

(dp  is  the  initial  pressure  at  th.e  boundary  of  separationj  and’this  iiniediately 


gives 


.6i+3(,+.i)&(a)-,' 

Hence  for  initial  conditioiis  as  specified  above 

where  the  oonatont  of  integratioiV 


■*(7+l) 


(85.10) 


(85.11) 


T— 1  Pa 
■2^P. 


finally  we  obtain 


-  vO  ..  1  -  ,V  \5-i  rV.%- 

v/hich  at  small  distaaicQs  gives  «i~'t  and  at  rcla.-'ivoly  large  distances  gives. 

rj.  •• 

_iL 

’7e  note  once  a,:',ain  that  wo  are  determining  here  the  lay/  of  motion  of  the 


boundary  of  separation. 

':io  shall  noT/  pa.ss  on  to  establishing  some  of  the  laws  of  motion  of 


aliock  front.  ,!?or  this  rjiirposc  we  3ha.ll  consider  t]ie  total  energy  'balance  for 
tho  propo.gatod  shock  v/ave,  iTo  shall  introduce  the  concept  of  a.verasp  "braking" 
jpressure  Pj-.  Aosrjiiing  tha.t  all  the  energy  of  the  shook  wave  at  any  iiistant  of 
time  io  potential  energy  (the  air  in  the  shock  wave  is  "braJeed"),  tliis  pressure 
Pb  can  be  determined  from  the  rela.tionsMp 


.  E, 


4 


^(ra— r!),  j 


(85.15) 


v/here  2  ia  the  energy  of  tho  shook’ v/avo,  r^  is  the  distance  of  its  loading 
edge  from  the  explosion  centre,  end  r^  is  the  distance  from  tho  explosion  centre 
to  the  bouiidai-;/  of  separa-tion.  Obviously,  tho  energy  of  the  shook  wave  is  com- 

4 

pounded  from  the  energy  transferred  to  it  by  the  detonation,  produots  (  ) 

and  tho  intrinsic  initial  energ;/  of  tho  air  (Eg2  )•  Those  ojiergios  are  determined 


from  the  .relationships 


\7here ~  Is  average  "pro sauro  in  the  explosion  products,  ,  . 


(85.14) 


,  £’<•-•1  wropoQ 


v/-here  E;^  is  the  energy  of  the  sMplosivo  oiiarge  (Q  is  the  specific  energy  of 

the  explosive  )  j  .  . _ _ 

£.,  =  4w(r!-rJ)^.  ;  (85.15) 


vrhence 


or 


Pb-p^ 


This  relationship  is  valid  vuitil .total  -expansion  of  the  detonation  products  has 
taken  place,  i.e.  up  to  =  **  =  (lO  -  12)  r^  .  After  this  the  energy  of  the 
shook  wave  will  bo  determined  approxima.tely  by  the  relationslilp 


whick  follows  from  thb 'oondition  that 

i  Si*s=>  '’  =  «-3(r-‘) 

^  ,  Pi,  \ar^J  ,  ; 

The  explosion  products  will  no  longer  give  up  ener^,  and  tha  portion  of  tho  air 

heliind  tho  tail  end  of  the  sliook  front  v/ill  be  braked,,  posaesslng  the  initial 

energy  density  for  p  =  p„  .  Prem  equations  (85.13)  and  (85.17)  we  have 
i"  .  h.  — ‘  ^ 

>4— /»,^{T—l)PoQ-;j3;y[l —«"•<»■»)]  i  (85.18) 

for  lOro.  . 

For  future  calculations  it  is  now  necessary  for  us  to  knov/  tho  value  of 
IV  for  r.,  a  a  r^  :  vra  sl^all  aaaiano  meanwhile  that  r«  a  ',Pr^  .  \Te  shall  eatab- 
lish  tho  relationship  between  the  potential  and  kino  tie  eneraiea  in  the  shook 
wave .  . 

Jinoe  the  pressure  ii\  the  explosion  produots  falls  more  rapidly  than  ix^ 
the  shock  wave,  then  tho  rarefaction  wave  which  follows  at  the  rear  along  . with  ' 
the  shook  wave  conpala  it  to  assume  such  a  sh<apo  that  tho  prossiaro  and  velocity 
■in  tlie  leading  portion  of  the  shook  v/avo  becomes  greater  than  at  tho  rear, 
jissuming  to  a  first  approximation  that  the  pressure  (and  donsitj’-)  and  velocity 
in  the  shock  vrave  are  determined  linearly  alon/ij  tho  r  =•  axis  for  any  fixed  in¬ 
stant  of  time ,  wo  find  thafc_ ... 

V  pi  1  ’ 

whore  ^  is  the  kinetic  energy  in  tho  shock  v/avo  ;  ;  ■y  defines  tlia  average 
pressure  (not  tho.brakiiig  pressure)  of  the  shock  .wave,  p^  -  is  tho  pressure  . 
at  the  shook  front.  Sinoe  - — ~  (  .  ^  ' 

'  r, 

Em  J' dr,  ) 

i. . ‘  . 

then  tho  average  value  of  .ptt’:  is  (for  a  linear  distribution  of  'P'.  and 

«  with  respect  to  r  ).  Therefore  <  ' 


Subsoitutinj;  "th®  value  found  for  E  .  in'  (85.19)  and  comparing  tho  expresaioi 

S  •  i'i.  * 

obtained  vdth  (85.15)  we  obtain 


Pj,  .  . _ fi_ 


Pi"’ 


T— 1 ""  2(y— 1)  “I"  8  ’  (85.205) 

vrhere  Pj  and  u^:'  are  the'  density  mid  velocity  at  the  slioolc  front.  For  a  strong 
shock  v/avo  (up  to  shall  hove  the  following  relationships  : 


/•i  =  Y  + 1  ■“  r 


+  1* 


tnerei ore 


Py 


f.o\ 


7  +  1 


_  B  f>*  =  ^ 

2(t  +  l)P*^*  T  t  +  1' 


1 


(85.21) 


iiincc 


<3r2 


,  ,  then  from  relationships  (85.21)  and  (85.16),  neglecting  p  in 

—  CL  V  .  .  .  cL  .  • 

comparison  with  ,  vre  obtain  . 

(?)  "  '  ■  (85  *22) 

Ivziov/ing  tho  lavr  of  motion  of  the  tail  edge  of  the  shock  front  (tho  boundary  of 

:  1  . 

separation  between  tho  oamlosi.on  pro<lucts  and  tho  shook  v/ave  )  and  solving 
equation  (85.22)  for  the , condition  that  r„  s  for  t  a  0  ,  tho  lair  of  motion 

of  its  leading  edge  can  be  dotoimined.  Assuming,  on  the  basis  of  (85.12)  that 

Ofi  li 


1VO  find  tliat 

■  r*^r%->riujrl.  (85.25) 

On  the  basis  of  equatiai  (86,22)  it  con  be  asamiod  for  an  approxitiate  estimation 
that 


vdience  wo  find  that 


(T»-l)Po<?  //-oXT  j 

^  y  _3p,  •' 

=ro  trl> 


For  r^  =  lOr^  we  have,  on  the  basis  of  equation  (85.25) 


7/7 


(85.24) 


or  since 


ii„  B  4000  n/seo  =  4  •'  10®  cn/seo, 

then  t  a  sec,  so  that  for  a  typical  e:i^losive  (Q  b,  l  koal/g  and 

1200  ■  .  :  _ 

po  B  1,6  g/amS  )  we  obtain  ^2  ^1  ^10  Ihus,  we  have  arrived  at  the  woll- 

^^o 

Jioiown  e35>erljnental  fact  by  very  rough  calculations  that  the  length  of  the 
shook  wave  to  the  instant  of  cessation  of  notion  of  the  explosion  produotsy 
i,  e.  to  the  instant  of  its  so-called  breakaway  from  the  explosion  produotSy  is 
approximately  equal  to  lOr^  .  Actually,  it  is  evident  that  this  value  nay  vary 
fipm  IOTq  to  ISr^, 

By  length  of  the  shock  wave  we  understand  the  quantity  ^  ■  r.  >  VTe 

«  1 

shall  now  determine  the  pressure  at  the  shook  front  at  the  instant  of  breakaway 
from  the  e^losion  products  .  Bor  this  purpose  we  shall  write  the  relationship 
(85.22)  in  the  form 

This  relationship  also  defines  the  pressure  at  the  shook  front  for  lOr^, 

i.e.  for  Tg  <  QOTq  -  25r^j  . 

An  approximate  relationship  between  r^  and  x'2  •  oan  be  found  from 
(85»  23)  and  (85. 24)  ly  eliminating  t  and  neglecting  the  quantity  r  : 


or 


.(g)'-(a' 


> 

a  ± 

’  5 


V^T(T*-1)^C? 


Bor  rj_  B  lOr^  »  ^  lietermine  from  (85. 24)  that 

4  kg/cm  •  This  means  that  at  those  distanoes  the  wave  is  already 
weak.  Bor  the  aasunption  made  abovoy  the  rate  of  fall  of  pressure  should  be 


7  VS 


retarded.  in  fact  aotually  occurs. 

Ihe  v>-j.oclty  of  motion  of  the  tali  end  of  the  sliock  fStJnt  1300011163 

app3ro3djnately  equal  to  the  valoolty  of  sound  A/,"  and  the  velooiigr  of  the 

leading  edge  of  the  shock  front  is  equal  to  ,  therefore  the 

rg 

length  of  the  -shu  Jc  emve  as  a  result  of  its  flirther  motion  is  changed  only 
slightly  and  propoirtional  to  In  ^2  . 

She  relationship  for  determining  thus  assumes  the  foxm 


Pk-~ 


(85.26) 


since 

rl  —  rl  =  (ri-\-aro)*  —  rl(^3V(/i,  j 

iihere  a  «  10  -  15  •  Later  the  relationship  between  p.  and  p  is  altered. 

A 

Actually,  since 


then  approadraately  p 


Pi-P^ 


=*  Pi  — />,  =  y -^4“^  PoQ 

/a  • 

where  t|  «=  i  —  a  *  .  If  at  the  start  of  mqtion  for  a  strong  wave 


(85.27) 


-  'a  M 
'1  ' 


Kod,  28) 


viiere  M  is  the  mass  of  the  es^losive  charge,  then  we  now  have 


A  „  '■« 

'^8  ^9 


(85. 29) 


Kelationship  (85.  27)  shows  that  the  rate  of  fall  of  pressure  is  actually 


retar'ied  for  rg  >  sor 


Let  ua  express  the  preasure  in  terms  of  the  shoolc  wave  valooity.  Since 


then 


~cl). 


(85.30) 


Aocordinjg  as  how  the  spherioal  shook  wave  is  propagated,  a  rarefaction 

/ 

originates  behind  the  wave,  and  the  pressure  becomes  less  than  atmospherio; 
the  preasure  varlatioxis  in  the  wave  are  observed  to  be  of  the  '^e  of  pressure 
variations  in  a  normal  sound  wave*  . 

Consequently^  within  the  limit  (  at  a  distance  of  about  50  -  40r^  approxi¬ 
mately)  the  average  energy  densiiy  i  u  he  shook  wave  will  be  determined,  as 
before,  >y  the  relationship 

1  n'o 

•j  =‘5PoQ;t’1- 

She  es^ression  for  this  energy  in  terms  of  AP(  is  modified  and  takes 

the  fona  .  .  ^ 

=^.  -  - . 

‘  (85,51) 


In  the  limit 


that  is  , 


(65.52) 


(85,65) 

Ihe  development  here  of  the  general  considerations  may  bo  made  considerably 
more  precise,  but  we  have  limited  oiorselves  here  only  to  the  basic  physical 
picture  of  shofak  wave  propagation.  Below  we  shall  examiiw  the  question  of 
the  inpulses  acting  as  a  result  of  a  i^pherioal  explosion,  and  we  shall  see 
that  this  problem  is  solved  q^te  accurately  on  the  basis  of  the  element'>,xy 
relationships. 


In  aocordanss  the  theoiy  of  detonation,  for  an  impulse  flux 


pasaitxg  through  unit  area  at  a  diatance  equal  to  tiie  radiua  of  the  charge  is 


i-. 


16  Y  MB 


(85.34) 


I  ,  i-'o 

where  £  b  H  Q  is  the  total  e;!!plosion  ensrgjr. 

It  is  veil-known  from  meohanios  that  for  a  given  energ^^'  the  momentum 
or  impulse  flux  Inoreases  proportionally  vdth  the  square  root  of  the  mass  set 
into  motion*  Conaequently«  the  flux  of  an  in^ulse  passing  through  unit  area  at 
a  distance  r  from  the  obarge«  since  air  is  set  into  motion^  is  dutemined 
hy  the  relationship 

XtY  £(iW  +  AI.)  (86,35) 


i: 


'57 


4)V> 


where  U  is  the  aeiaa  ot  eHr  set  into  siotioa. 

*  2 

Siaoa  S  ■  K  Q  ■  ^  «  where  £>  ia  the  detonation  velooitgr* 

Id 

Sbr  this  it  is  assumed  that  the  available  (llree)  ejiergy  is  conserved^ 

slnoe  on  the  average  the  loss  of  free  (nergf  ‘iy  the  irreversible  process  of 

shocle  front  formation  are  almost  exactly  compensated  by  the  intrinsio  ener^Dr 

of  the  air  set  Into  motion  by  the  «hir>QV  wave, 

Slnoe  at  distances  of  r  <10  -  15r 

o 

/■f,™  jTtp.  (r*  — ro), 

'.'then’’  j 

and  here  ■tixe  quantity  ~  can  always  be  neglected  as  small  ooinpared  with 

these  dlstajices 

At  distances  greater  than  10  -  ISr^  *>  a.  j  the  shook  wave,  aa  we  have  already 


"  h  I  f.  4 


shown  "hreaks  away”  the  explosion  products  (strictly  peaking  the 

e:^losion  products  hreak  away  from  the  shook  wave)  ;  as  a  result  of  this 

=•  -g-  itpi  [/•’  —  (/•  —  3=!  4T:paa/-or*  =  4itp»«/'o  , 

3af,  /r\* 


Therefore 


■W. 

14— }vr  =  l- 


fo 


■fe)’ 


and  relationship  (85.36)  takes  the  form 


MD 


'  Po  Vr-c/ 


27«/->  r  (85.38) 

Within  the  llsd.t«  for  large  values  of  —  40  -  50. .  we  obtain 


MD 


•  l/’  =J^l/"3a^i 

PoWo;  27iirro'^  Pc  • 


^2wrc>'  (85.39) 

Assuming  that  for  typical  e^cplosives  D  «  7200  s/'seo*  po  »  1.6  g/cm®, 
a  B  12^  then  ' 

Pc  105 

and  relationships  (65.37);  (85.38)  and  (85.39)  in  the  0.(J.S.  system  aamme 
the  form 


7  =  0.85.  KHi/ 1 

1200 

]/  1  , 
K  100  i  ' 


/  =  0.85.  10* 


/  =  1 .5 . 10»  •—  =.  2.7 . 10‘  — . 

fffT  f 


(85.40) 


In  the  7i.K.S.  system  we  shall  have 

s 


i=1.5^^«27^. 


(85,41). 


•As,  a  result  of  reflection  of  the  shook  wave  and  of  the  explosion  products 
from  aiiy  obstacle,  the  pressures  and  inpulses  increase.  In  this  case,  the 
values  for  the  inpulses  and  average  pressures  should  be  multiplied  by  the 
quantity  where  for  a  veiy  extensive  obstacle  c®  «  2, 

We  shall  now  derlva  the  basic  laws  of  propagation  of  <^lindrioal  waves. 
"In  the  vicinity  "  of  the  charge,  up  to  r  (30  -  60)1^ 

(85.42) 


r  tr^ 


wliere  I  ia  the  length  of  the  cylinder  on  which  the  mass  of  the  ej^osive 
U  fits. 

At  dlstanoes  lying  within  the  interval  (60  -  150)r 


„  MQ  M^Q 


i  = 


2MD 


/* 


fo  '•o 


where  « 50. 


At  distanoes  of  around  200rQ  and  greater 


(86.45) 


Vo 

y/7 


n-n  I Y  Po  , 


(85.44) 

Hnaliy,  we  note  that  the  relationships  determining  the  inpulses  are 

verified  experlmentelly,  not  only  with  respect  to  order  of  magiji  twde,  but 

also  in  numerical  ooeffioienta  with  an  accuracy  of  about  5  -  Ip^ 

We  note  also  that  on  the  basis  of  conparison  of  the  pressures  and 

i.pulses,  since  I  ~px  '  {x  ig  the  time  over  which  the  shock  wave  acts)  for 
for 

a  ^horioal  wave  /r  CSOro  x'^:^  and  for  for  a  oylindrioal 

wave  witli  r  <!l  l00r^  ,  and  with  r>  lOOr'o 


7  ^"3. 


At  present,  no  accurate  theory  of  spherical  and  cylindrical  ej^lo- 
sions  exists,  although  the  construction  of  a  similar  theory  is  possible 
thanks  to  the  development  of  gas-dynamic  methods. 

Concerning  the  Relatlonshin  between  the  Impulses 
for  transmitted  and  incident  shock  waves  • 

Xhe  relationships  obtained  for  the  iznpulses  resulting  from  an  explosion 
are  related  to  the  case  viien  the  shook  w»ve  is  reflected  nonnaldy  from  an 
obstacle.  However,  under  actual  conditiona  of  the  effect  of  an  ej^losion,' 
the  shook  wave  may  fall  on  an  obstacle,  in  particular  on  a  measuring  instrument 
(impulsometer),  through  various  angles.  (Tbviously,  the  insulae  felt  by  the 
obstacle  may,  depending  on  the  angle  of  in5>act  of  the  shook  wave,  be  con¬ 
siderably  different  from  the  is^ulse  resulting  from  nonaal  reflection  of  a 
wave  from  the  obstaole. 

A  knowledge  of  the  relatioirahip  betvfeen  the  disoemable  impulse  and 
the  angle  of  inpaot  of  'the  shook  wave  is  important  for  an  accurate  estimation 
of  the  efficiency  of  action  of  an  ej^losion  on  "the  basis  of  ^vhat  has  been 
shown,  with  various  pisi'tipns  of  the  measuring  instrunent^with  reboot  to 
the  shook  fron't. 

It  is  very  difficult  'to  carry  out  an  accurate  measurement  of  ■the 
inpulse  of  a  shook  wa'ye  moving  towards  an  obstaole  at  an  Angi  a  (the 
angle  bo-tween  the  normal  •ho  the  ohatenle  emA  the  direction  of  propagation 
of  the  shook  wave  (ilg.  221), 


75-^ 


221 


Approach  of  a  shock  vfave  to  an.  ohctacle,  at  eh  anfile. 


I 


An  account  is  gl.ven  helovir  of  a  method  for  solving  approximately  the 
problem  •,  as  proposed  by  BAUM  and  STANfUlCOVICII,  ViTft  shall  introduce  the 
follo^ving  syiabolfl  : 

h  is  the  ^eoific  iu^pulsc  for  t:;e  normally  reflected  shook  wave 
from  the  obstacle  (ij)  =  0), 

4  is  the  specific  iiqijulse  for  the  traiismitted  shock  wave 

(glanoing  parallel  vdth  tlie  obstacle  )  ('P  =  7)'  .  ' 

is  the  specific  .iijpulso  for  the  shook  wave  moving  towards 
the  obstacle  at  an  angle  ij). 

In  determining  v/e  shall  assume  approximately  that  tire  total  inpuls 
of  the  shock  wave  is  oo!mx>unded  fTon  tlio  ir.'pul.<?pi  /j  of  the  static  pressure 


and  the  imi^ulse  k  of  tic  mass  of  air*  flow  moving  vsLth  a  ■'’■elocit/  -i 
It  is  sesen:^?.''.  co  bear  in  mind  that 


and 


i.  —  irSin!?  (35.45) 

‘"COs*7.  (86.  >1-6} 


Holationahips  (S.%45)  and  (85,46)  are-  obtained  from  the  followi.ng 


consiclerations.  It  is  o'bvious  that 

1 

L,=^J  ^pdt. 

U 

so  that  the  time. of  action  of  tho  shock  v/ave  as  a  result  of  its  front  moving 
parallel  with  the  obstacle  should  be  proportional  to  tho  length  of  tlie  shook 
wave  ^  t  and  in  the  case  of  its  approaching  the  obstacle  at  an  angle  9-  it 
is  proportional  to  the  projection  of  on  tlio  horizontal  sod.s»  i*  Oo  it  is 
proportional  to  sin  <p  (^see  Ilg,22l),  Ey  the  length  of  the  shock  wave,  we 
understand  here  the  distance  fron  the  shock  front  to  the  rear  lirait  (i*  c*  to 
the  place  where  the  pressure  in  the  wave  ’■  -^conies  equal  to  atmospheric). 

Since  the  normal  projection  of  the  velooiiy  u  is  proportional  to  cos  9 
and  the  mass  flow,  acting  on  unit  area  of  ’tliO  obstacle,  is  also  propca-uionaZ. 
to  cos  9  ,  then  the  normal  conwonont  of  the  impulse  if  proportior.al  to  coa'^  9 
,  which  leads  to  relationship  (85. 4G). 

ffe  arrive  finally  at  the  relationship 

/,==/,+i2=tw(cos*t?-t-fiS‘n‘?).  (85.47) 

where 

The  quantity  P  can  be  reoresented  in  the  form 

J”  iipdt 
— • 

2  J  fu't  dt 
0 

The  introduction  of  the  factor  2  into  the  denomxnator  taJees  into  account  that 
for  a  normal  reflection  of  the  flow  from  the  obstacle,  the  momentum  is  doubled. 

Since  \  ’  , 

J  tup  dt  =  :^p -i,  j  pii‘dt='^h, 

0  0 

where  Ap  and  p«*  ■  are  the  average  values  of  Ap  and  p«’  at  an  interval  of  tiao 
length  of  tho  shook  wave,  then  „ 


shall  assume  that  the  velocity  depends  approxiiaately  linearly  upon  the 


distance,  i«e,'  that 


As  a  resixlt  of  this  the  foUowins  rcl.ationships  vnll  be  valid 


Pt 


P/“’i 


wnere  p,  ,  u, 
follows  that 


arc  the  values  of  P  ,  p  ,  and,  «  at  the  shock  fSront,  Hence  it 

Pi  —  (<■  +  ^)Pt. 


P  = 


2fi"/ 


Assuaidni:  tlmt  p, —  (a  +  3)p„  =  Ap,  ws  ohtaiia 

0  _  ‘'P' 

The  relationahipa  for  the  shock  front  give 

,  1  r*-l  ,  1 

<‘=-2  IT 


k  +  \ 


2  1- 


—  1 


(S5.48) 


Poi-  a  strong  wave  ^-■ 


A  — 1 


,  v.Mch  gives  P  =  j^.  ^  =  y  ^ 


he  taken  into  accoimt  that  for  strong  slaock  v/aves,  as  a  consequence  of  the 
development  of  dissociation  and  ionisation  processes,  <1,  ,  then 

ri  » * 

v;e  obtain  fi  =  j  and  p='j^. 

Relationsliip  (85. 48)  holds  good  up  to  a  pressure  of  ^  Pa ,  for 
snaller  pressures  it  is  essential  to  taJ«e  into  account  the  region  behind  the 


sliock  wave,  where  Ap  <  Por 


^P/ 


I  v/B  have  S  = 


3A— 1 


,  which  ^ves  ?=-^- 


ip, 


for  k  =  j  ,  ?or  '^'<Cl  the  wave  fora  is  approxLzsately  sinusoidal.  As  a  result 

of  this  f  Apdt-yO  ,  and  Jpa*<//>0,  ^  since  in  tlie  region  of  Ap>0 
,  0  ,  .1 

(pa“)+ =  (n.-f- Ap)m®'  ,  mid  in,  th.e  region  of  Ap  <^  Q  ,  (P“*)_  ■=*  (p  —  Ap) 

(p«*)+  —  (pK)!.  =  2  Aptt*  >  0. 

As  a  result  of  tliis  0’-+O 

Eius,  with  reduction  of  pressure  at  the  shook  front,  the  value  of 
increases  initially  and  then,  it  falls  .again  for  p.  ^ 

Vfe  note  that,  depending  upon  the  form  of  distribution  of  the  parameters 

7^7 


’oehind  slioclc  front,  voluo  of  P  r-ty  vary. 


ViC  can  \'rrite,  that  for  any  given  diatri’oution  of’  p,_  p ,  ai,.  a 

s===o-^V. 

2f^u- 


(35.4-9) 


where  0  depends  on  the  form  of  the  distribu'cion. 

?or  a  siirdlarity  solution  wave,  for  exaa^le,  •  6«=*2,  ■  If  for  a  ?/ave  wl^ich 
is  not  very  strong  Ap  and  u  deperiL  linearly  on  r.  ,  and  p-P..  =  cor^t,  then 

e  =  etc.  For  any  distribution  of  the  parameters  behind  the  shock  front,  a 
value  of  1  can  aiv/ays  be  fo'und  for  every  real  case,  and  '.niich  is  a  soliition 

to  the  problem  set. 

The  magnitude  of  the  impulse,  deteirdned  by  formula  (35,47),  has  a 

weakly  expressed  cia'xnTTaiTn,  Actually,  assuming  tha^ 

^  =  2  cos  e  —  2cos  9  sin  o  =  0 

aa  ■  '  / 

v/e  find  thac  the  angle  «  ==  0,  =  arcsin -y. 

^  86.  Effect  of  Intrinsic  Velocity  of  Foirrard  Ibtion 
of  the  Charge  on  the  Explosion  Efficiency 

Idodem  military  technology  is  associated  as  a  rule  vn.th  the  use  of 
moving  explosive  sources,  vjhich  possoss  in  meny  cases  a  large  intrinsic 
forward  velocity  (around  5000  r/sec  and  more)  ,  commensurate  vci'ch  the  average 
velocity  of  dispersion  of  the  detonation  products. 

At  these  velocities  the  energy  of  the  moving  explosive  source  increases 
conoiderably('£y  a  factor  of  V.vo  or  more)  relatave  to  its  static  v;S.c;rgy ,  ^s-ic.. 
in  its  turn  leads  to  a  more  or  less  considerable  change  of  the  e:rplosion  field, 

The  law  of  propagation  of  an  explosion  as  a  result  of  the  .'e”  >:■  v.t  '.cn  cf 
a  moving  explosive  charge  has  been  s'^udied  1y  POKHOVSKII  and  iudf 
also  by  BAu»l  and  dTANTuKeVIC't 

The  principal  results  of  the  investigation  are  presented  belov.s  It  is 


obvloua  that  if  the  e3qplosive  source  is  moving,  then  even  for  inatantaneoua 
detonation  of  the  chca:'go,  the  explosion  field  •will  not  be  one-dimensional; 
■Hie  parameters  of  -blic  esq^Aosion  Tra.ll  be  changed,'  dependent  on  the  angle  <? 
between  "the  STicoified  direction  and  -the  velocity  vector  of  motion  of  •bho 
charge.  Ihe  roayi.trum  explosion  effect  will  be  in  -the  direction  of  motion  of 
the  explosion  source.  .All  -uho  relationships  presented  belo\7  are  given  for 
this  cose. 

We  shall  consider  first  of  all  ■the  effect  of  e3g>losion  of  a  spherical 
charge  in  a  vacuum, 

Ihe  basic  formulae  defining  the  ratio  of  -the  fluxes  (falling  on  unit 
area)  of  the  mass,  in^pulse  and  enerQr  of  the  moving  e^gplosion  source  {tn,  i,  e) 
to  those  same  parameters  for  a  sta-fcLonary  explosion  source  (wo,  ^o,  eo) 
ha've  the  form 


Tvhere  uo  is  the  in-trinsic  -veloci-ty  of  motion  of  the  charge,  ,  c,  is  tiio  average 
deduced  ■velocl'ty  of  sound  in  the  detonation  products  (f,  =«0.46f),  'where.Z>  ia 
the  de'tonation  veloei-iy), 

The  values  of,  — .  ,  and  ‘  are  given  in  Table  120  for  different 
values  of 


7^7 


Tablo  120 


Ratio  of  fluxes  of  mass,  monontura  and  energy  of  a  Eoviivg  explosion 
source  to  the  saffie  parameters  for  tho  case  of  a  stationary 
explosion  source. 


For  ej^loaiyes  of  the  hexogen  typo  (Db  SOOO  rt/seo,  ?,=i  3700  n/seo) 

/W  '  I  I 

for  uq  s  5000  B/ seo>  "^  =  2,33  ^  =  5, 5  ^  ^  ®  12,7  ,  For  uc  ®  SOOO  sy'seo 

-!!L  «  1,8  ;  f  ®  2.2,  -f-  =  6,0  . 

\To  shall  show  that  for  a  cylindrical  charge,  the  maxiiiiuiii  value  of  the  local 
effect  of  tlie  explosion  is  found  to  he  weaicer  tiaii  for  a  spherical  charge. 

As  a  result  of  an  explosion  in  air,  the  initial  pressure  at  the  front 
of  the  shook  wave  created,  for  a  ruoving  charge,  relative  to  the  pressure  for 
a  stationary  e:plosion  source  is  deterDiinod.  by  tlio  relationship 

(86,2) 

vdiere  p®  is  tho  initial  pressure  of  the  shock  wave  in  air  for  the  snoving 
explosion  source,  is  the  initial  pressure  of  tho  shook  wave  in  air  for 
a  stationary  explosion  source. 

vAere  p.,  is  tho  density  of  the  ambient  air  .  Takh-^g  •  p,  ==  1  g/cmS, 

770  * 

'O,  =  7200  in/sect  t  800  kg/cm^  for.  «,•■=  3000  ir/sea,  we  obtain 

^^2.0,  /’ 

i.s.:  tho  initial  pressure  of  the  sliook  wave  is  increased  approxiaately  by  a 


factor  of  tiTO. 


Wa  shall  denote:  tlie  initial  velocity  of  the  air  hehind  the  shock  front  ' 
from  a  stationary  explosion  by  and  for  a  moviiig  charge  by.  Ehe  ratio 
of- these  velocities  is  defined  by  -fche  formula 

.  Cae.5) 

Por  «o  =  3000  n/aeo  and  D  «  7200  n/seo  ,  »  1. 42  , 

The  air  retards  the  flo\?  of  the  dstonation  products.  It  can  be  shown 
from  -the  Lair  of  Consarva-tion  of  Ifomentum  that  -fche  velooi-ty  of  motion  of  -the 
oen-tre  of  gra-vity  of  -the  ejq?loaion  products  relative  to  distance  UTill  -vary 
according  to  -fcho  law 


ifi. 

"o' 


Po  Vo/  (86,4) 

vrfiere  p,  is  the  initial  densi-ty  of  the  eiiQploslvo,  P*f  is  -the  densi-ty  of 
the  air  heJiiiid  the  ahoolc  front  at  a  di&tance  r  from  -the  cen-tare  of  -the  ex¬ 
plosion,  "f  .is  the  veloci-ty  of  motion  of  the  centre  of  gravily  of  the  explo¬ 
sion  products  for  the  moving  charge  at  a  distance  r  ,  and  uo  is  the  initial 
■veloci-ty  of  notion  of  the  charge, 

r^lOro 

'^0/  fo 


Por 


'>50r. 


;50. 


Por 


At  greater  distances  we  cbtaiir  -uie  formula 

2c_fo 
"o  fa  I'-/  -■ 


(36.  5) 


r==20ro 

Wq  20 


i.  e,  the  intrinsic  velocity  of  motion  under  real  conditions  becomes  equal 
to  several  hundreds'of  metres  per  second. 

The  ratio  of  tho  energy  of  the  air  in  ti:e  shock  v/ave  to  the  total 


.7// 


exolosioii  eiiorgy  for  tile  moving  oliarge  ie  determined  'ey  tlie  expression 


_ 1_  ^  fry 

tin  T'“'  I’o  00/ 


‘‘0 

0-1--# 


(36.  6) 


where'  c»  is  the  velocity  of  sound  ahead  of  the  ahocic  fronts 'Q -is  the  poteo* 

tial  energy  of  the  exploaive,  £.  is  the  snsrg/  of  the  air  in  the  shock 

wave,  ■ is  the  total  explosion  energy.  For  ^  =  Q  =  427  •  10®  jreg/g, 

T  =  Z  a  Ct  «  330  s/sQO  and  /•r=40/-o 

5  '  '  . 

IChusy  it  can  he  assumed  that  the  equalising  process  of  the  energy  of 
the  air  is  main-y  jonpleted  for  r  >  40ro  ,  and  v/o  arrive  at  a  practically 

uniform  distrihution  of  parameters  in  tlie  chock  wave  relative  to  the  osntro 
of  mass.  Consequently,'  at  large  distanoes  fron  the  point  of  ejcplosion  (around 
40  “  50  'o  and  more)  ,  in  order  to  detenrine  "liie  shock  wave  perometers  v;o 
Con  use  the  limiting  formulae 


Conparing  these  e:qpressions  itL-Ki  tlie  correspoiniing  expressions  for  a  statioaxy 
eijplssiou,  we  can  write 

lA  -4-"l 

(aa.7) 

-  •  «  W  •  -  —  r 

*  J 

For  .  '^=Q(U(,=  SOOO  n/seo  )  1.4  and  ^"=.1.4, 

*1:'  Psi- 

Since  the  dapendanco  of  /•  and  p  on  energy  is  the  same,  then  tlio  radii 
of  the  destructive  effects,  estimated  either  with,  respect  to  impulse  or 
pressure,  will  inorsase  proportionally  y/itli  tlic  quantity  ' 

and  the  area  ivill  increase  proportionally  v/itli  tlie  quantity  1  ^ 

v/liioh,  for  u„=a'5000  n/sec  gives  a  t^TO-fold  iriorease  in  area  and  for 


«o  =  SOOO  rri/aoc  the  increase  in  area  is  practically  four-fold,  Iliis  v;ill 
occur  at  relatively  larr^o  distaiices,  when  all  the  energy  is  nrore  or  less 
uniformly  distrihutod  throughout  tl^s  entire  volume  ocoux^ied  by  the  shock 
wave, 

2he  follov/ing  conclusions  can  bo  draim  from  an  analysis  of  ‘the  relation¬ 
ships  wo  have  pi'osented. 

In  the  case  the  explosion  of  a  sx^herical  charge  at  high  initial  velo¬ 
cities  (««».■  5000  Ej/oec),  'tna  maxhtum  increase  of  explosion  effect  in  the 
immediate  vicinily  of  the  charge  exceeds  by  5  -  10  times  1316  effect  of  a 
stationary  charge.  However,  the  effect  of  the  explosion,  as  a  result  of  iiiis, 
(in  the  case  of  a  low  altitude  explosion)  will  be,‘  for  the  most  part,  of  a 
local  nature  (formation  of  a  orater  Iri  the  ground,  eto).  For  a  cylindrioal 
charge,  the  maximum  increase  of  the  local  effects  of  the  oscplosion  is  found, 
to  be  weaker  than  for  a  splxerioal  charge,' 

At  distances  greater  than  40  ro  the  excess  ir-pulse  and  pressure  for  a 
moving  ©.-igDlosion  source  will  be  less  significant  (for  uo  a  3000  s/seo  it  is 
about  25  -  ,  which  corresponds  to  an  increase  in  tlio  area  of  effect 

a  factor  of  1, 5  -  2  ), 

^  87,  Some  Results  of  H^^erimontoi  Inyest.tgation  of 
the  Destructive  Sffeots  of  an  Explosion, 


or.t 


HiC  ■  cstruulxvB  ofi'  ct  ’  cn.1  explosion,  determined  by  the  total  work 

prr.dM.ots*  io  uianif^ -■  .sjd  lii  a  differ  er"*"  manner  and  at  ijiffer- 
distanoes  from  the  source  of  the  explo-tion  depending  upon  the  properties 


of  tho  explosive,  the  cha:.''ge  v.eight  and  the  nature  of  the  medium  in  which  the 


explosion  taices  place, 

Ihe  work  oapabili-tyCeffioicncy)  of  an  explosive,  and  tho  fies-truotive 


.7^-^ 


oix’ect  of  -tlie  orplonio'i  o.rj30cia-i;ed  T/ith  it  ’ot'  apra-oxiiriatoly  tlio  some  conditions 
oi-e  incroo-ood  v/ith  ii\oi'co.se  of  tiie  poteaticl  energy  of  the  escplosive  and  vritli 
increase  of  the  specific  volume  of  the  {iaseouo  oxelostoPi  products. 

For  £;iven  properties  of  the  explosive  and  tiio  choji'se  r/eisht,  the  ron^e 
of  efficiency  of  o.otion  of  the  explosion  also  depends  to  a  v/cll-lenov/n  extent 
on  tlie  sha.pe  of  the  cliarr'e  and.  on  tlae  method  of  its  initiation. 

The  work  done  by  the  explosion  products  can  eo.sily  be  detennined  theoreti¬ 
cally  fran  the  assuirption  oonoerninc;  th^  isentropic  ls.w  for  their  expansion. 

In  this  co.se  v/e  can  v/rita 


<//!==  — d£'=-c,  dr, 


(87.1) 


whence,  bearii\ri  in  ind.nd  that 


k  —  \ 


vra  obtain 


Relating];  the  work  A- to  1  of  e;qjlosive  ond  o.snumiiis!  tlmt;  'py*~  const, 
lip  —  const,  v^e  fino.lly  liave 


•jm 

iv  —  const  and  ^  P 


2-; 


v;hero'  7",  *  **/ ,  and/?,  are  respectively  the  temosra.turo ,  specific  voltune  aiid 
pressure  of  the  "aseous  products  at  the  insta::t  of  explosion,  imid  Tu‘  Di, 
and  pi  arc  the  values  of  the  same  parameters  durin,^;  the  process  of  expansion 
of  the  explosion  products. 

The  quantity  F=^nRT,  is  the  so-called  "power"  of  the  explosive, 
v/hero  n  '  is  the  number  of  moles  of  gaseous  explosion  products  I'ormed  as  a 
renult  ^f  the  explosion  of  1  leg  of  explosive. 

It  is  obvious  that  the  quentity  f  ^  has  the  dimensions  of  energy. 


.74^ 


Aataall;?', 
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vrhero  pa  is  the  atroospherio  preasuro,  Vo  is  the  apeoifio  volume  of  one  mole  of 
^as  at  hTP.  If  Po  is  expressed  in  atmospheres  and'  uo  in  litres,  then  f  .mill 
ha  expressed  in  . 

li'or  unrestricted  expansion  ,  of  the  explosion  produots  in  the  atmosphere 
Pi==y>a>  Vi  =  Vi) 

and 

=  =  (37. 

where  I,  is  the  moolianioal  equivalent  of  hea.t. 

The  quantity  a  fQv  is  the  potential  enersy  of  tha  explosive;  it 

is  usually  taken  to  ho  a  measure  of  the  efficiency  of  an  explosive. 

Relationship  (87.3)  is  obtained  on  the  assumption  that  the  explosion  pro¬ 
ducts  consist  entirely  of  gases.  If,  however,  there  ere  also  solid  and  liquid 

I 

suhstajices  in  addition  to  the  gases,  than  this  case,  in  order 

to  determii-io  theoretically  the  value  of  ,  the  heat  oxoliange  between  tiB 

gaseous  and  condensed  explosion  fu-oducts  during  the  process  of  their  dispersion 
must  be  particularly  talcen  into  account,  since  their  rate  of  cooling  differs 
significantly.  Such  a  calcLilation  presents  considerable  difficulties. 

For  an  explosion  in  a  closed  volume  (for  example  in  a  steel  or  lea.d  bomb) 
or  in  dense  modiura  (e.g.  v/ater  ,  earth)  tlie  exchange  of  heat  between,  the  ex¬ 
plosion  products  maj'-  be  quite  co.mpleto.  Ij‘i  the  latter  case,  the  velooity  of 


motion  of  the  bovuida:;y  of  separation  between  the  explosion  produots  cc;d  the 

medium  is  relatively  small,  vdiicli  ensures  adequate  duration  of  contact  and 

l:iteraotiO!i  betrreen  the  gaseous  and  condensed  explosion  produots  and  a  more 

/ 

complete  conversion  of  the  potential  energy  of  trio  explosive  into  meolrenlc.?,! 
vrork  of  the  explosion. 


As  a  result  of  tho  f-roelosion  in  air  oi'  explosive  chargooj  ‘brealrs.vra.y  of 
the  aiiock  v/avo  from  tJte  front  of  the  detoiiatio/i  products  may,  in  a  number  of 
cases,  occur  earlier  tlian  the  cxcliange  of  heat  bct'.voen  the  cond,ensed  and 
gaseous  poxticulotos  is  completes,  v/hlch  yfill  have  a.a  its  oori3eqi,ience  on 
'  inadequately  ooinplete  conversion  of  the  explosion  energy. into  a  shock  wove, 
rioi/evcr,  tho  possibility  must  not  bo  excluded  as  a  result  of  this^  of  partial, 
oxidatioii  of  solid  combustible  particles  boconse  of  the  oxygen  in  the  air  . 

(for  oxaiiiple,  solid  carbon  fomiod  by  the  explosion  of  trotyl). 

If  the  explosive  is  represented  by  a  hetorogeneous  system  (oxyliquite, 
a  mixture  of  explosive  ^vith  powiered  metals  etc.),  then  tho  explosive  effect 
ma^  be  noticeably  reduced  depending  on  the  conditions  of  the  experiment  oiid  on 
the  relationship  between  the  sizes  of  tho  solid  particles  coniprialns  the  ex¬ 
plosive  system  and  the  diameter  of  the  charge  itself. 

It  is  Y/ell-kncivm  that  tho  time  of  occuiTfsnoo  and  the  zoi'.e  width  of  the 
ptierrical  reaction  at  the  front  of  a  detonation  v/ave  iiicreescs  according  to  the 
extent  of  reduction  of  tlie  degree  of  disporsivity  of  these  particles.  Conse- 
quentlv-  as  a  rBsult.  of  presence  of  aiuVicie.itly  ooorse  particles  of  on 
explosive  system  and  the  aocomplisliraent  of  the  explosion  in  air,  the  ohemloal 
reaction,  because  of  the  rapid  dispersion  of  the  reactiiig  substances,  is  unable 
to  be  totally  oomploted  withiii  the  zone  of  effective  action  of  tlie  explosion 
products.  Sl'ds,  aa  experiment  siioirs,  leads  to  on  inadequately  complete  utili¬ 
sation  of  the  energy  of  the  explosive  system.  If,  hovyever,  the  dia-moter  of  tho 
ohoxga  is  increases," then  the  extent  of  completion  of  the  reaction  increases 

and  for  a  definite  ratiej  or  chnjr.^e (  where  d  «  ia  the  diameter  or  the 

^ - onariTQ 

cluirge  i  .d  is  the  mean  dJameter  of  tho  particles)  a  sufl' iciently  coni- 

nlete  conversion  of  energy  of  chemical  reaction  into  an  explosion  wave  (up  to  7C^j) 
me;'’  be  aoMeved  in  principle.  Q?his  is  confirmed  by  results  of  experiment. 

7^^ 


By  c:xploding  similar  hQtei*ogeneous  explosives  flysteas  in  a  closed  volume 
(lead  'bomb)  or  in  dense  media  (water,  earth),  a  fully  oon^leted  reaction  and 
effioient  utilization  of  the  e3g>losive  energy  is  achieved,  just  as  one  would 
e»peot,  even  under  oonditions  for  which  quite  obarges  are  used. 

Ihe  energy  losses  may  be  dependent  not  only  on  an  incomplete  reaction 
between  the  oomponents  of  the  ejqjlosivo  system,  'but  also  on  the  partial 
scattering  and  inoonplatenesa  of  reaction  partioularly  of  the  surface  layers 
of  the  I  xplosive  charge,  which  also  appears  as  a  shook  wave  of  weakened  intea- 
8l‘^«  A  similar  phenomenon  is  observed  in  using  no2>>hoiiogeneouB  as  well  as 
homogeneous  explosives. 

Slgure  222  .  Lead  Bomb, 


It  follows  ftrora  Khariton’s  principle  that  the  energy  losses  increase 
for  appivxiiuatoiy  equal  oonditions  with  increase  of  the  limiting  diameter  of  • 
the  oharge. 

According  to  data  'ey  SADOVSKtl,  for  charges  of  awmatol  40/60  with  a 
weight  of  26  kg,  the  losses  may  attain  68^,'  but  for  a  weight  of  500  kg.  the 
losses  are  .  Kbr  charges  of  aHA,the  limiting  diameter  of  whioh  is  small, 
a»  »«or  lo.„.  „.y  ma.  to*....  of  ohorgo  wtght  th. 
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the  energy  losses  are  reduooa.  The  oliarge  casing  also  exerts  a  similar 
influence.  However,  in  the  latter  case  the  conversion  of  energy  into  the 
shook  wave  la  also  reduoed,  since  part  of  the  potential  energy  of  the  explo¬ 
sive  charge  is  converted  into  kinetic  energy  of  the  fragments.  For  small 
■filling  coefficients  the  fragments  receive  up  to  75^  of  the  explosion  energy. 

In  order  to  evaluate  practically  the  efficiency  of  an  explosive  under 
laboratory  oonditions,  the  so-oalled  lead  bomb  expansion  test  is  usually  used. 
It  consists  in  the  following.  A  10  ffo  batch  of  explosive  is  detonated  by 
means  of  a  detonator  oi.  in  a  pyllndrioal  channel  in  a  massive  lead  bloc^ 

(Tig.  222a),  made  of  pure  lead.  As  a  result  of  the  explosion,  the  channel  of 
the  bomb  is  dilated  (Tig.  222b)  and  the  increase  of  its  volume  serves  as  a 
oharaoterlstio  of  the  efficiency  of  the  e3q>losive. 

!Qie  diameter  and  height  of  the  bomb  are  20  cams;  the  diameter  of  the  bomb 
ohonnel  is  2.  5  cm,  with  a  depth  of  12. 5  cm,  and  has  a  volume  of  61  -  62  om^. 
The  bomb  weighs  about  70  kg.  ' 

In  order  to  analyse  the  results  of  ..:;/p>erimentB  one  must  take  into  con.* 
sideration  l)  the  deviation  of  the  bomb  temperature  from  16®0  ,  for  which  a 
diagram  can  be  used  to  determine  this  oorreotLon  (7ig.22S)  . 

KLflure  32S  leoperature  oorreotion  (per  oent)  for  lead  boznbs. 


2)  the  capsule  affect  ,  i.e.  dilation  of  the  bomb  channel  due  to  the  explosion 
of  the  detonator  cap  itself  ;  5)  absence  of  strict  proportionality  between  the 
efficiency  of  the  explosive  and  the  dilation  of  Iho  tomb  channel,  as  a 


oonsequenoe  of  the  reduotion  of  the  thiokness  and  resistance  of  the  walls, 
of  the  Tsoinb,  dao  to  the  large  dilation. 

Ihe  results  of  this  experiment  for  various  high  explosives  are  pre¬ 
sented  in  Table  121. 


Table  121 

Lead  Bosib  ohannel  dilation  test. 


Name  of  explosive 

Dilation  of  lead  bombj 
ml. 

Iftpotyl  (3OT) 

285 

Piorlo  sold 

550 

Tetiyl 

540 

Hexogen 

480 

3EN  (Xetra.-erythritol 
nitrate) 

500 

Ammatol  80/20 

560 

Bynamlte  82^ 

- - 1 

520 

Another  method  ^diich  enables  the  effioien^  of  an  e^losive  to  be 
deteiminod  is  the  method  of  testing  by  means  of  a  ballistic  pendulum-mortar. 
(Fig,224}.-  This  pendulum  consists  of  a  freely  suspended  Tartar  inside  which 
is  plaoed  a  charge  (about  10  g. )  of  the  test  explosive.  The  explosion  chamber 
is  oloBod  by  a  projeotilo  B.  As  a  result  of  the  explosion  the  missile  is 
ejected  and  the  pendulum  is  deflected  baoJewards  by  the  powerful  recoil.  The 
angle  of  defleoti,on  of  llie  pendultan  serves  as  a  measure  of  the  effioienqy 
of  the  e:piosive. 

Actually f  ■Uie'  total  work  done  by  the  esplosion  products  is 

/I  ~  /I,  -f-  /1„ 


where  A\  is  ill®  vrark  expended  in  raiaing  tht-.  pendulum  by  a  height  K  . . 

corresponding  to  an  angle  of  deflection  of;®.',  v4j;is  the  work  expeiided  on 
Ixparting  a  velooi'ty  v  to  'the  projeotile, 

Ob'wiously, 

/!,  =  QA  =  Q/(1-C0sa),  -4a=-g’. 

where  Q  and  q  are  the  waists  of  the  pendulum  and  projeotile  respeotively« 

/  is  the  leng'th  of  'the  pendulum  (from  'the  axis  of  the  pi'vot  to  the  oen'tre  of 
gravi'ty). 

!Qie  value  of  v  can  be  easily  oaloulated  from  ‘the  equilibriiua  conditions 
for  the  momenta  of  'the  pendulmn  and  of  'the  projectile^  i«  e. 

Qu=^qv, 

!Che  velooi'ty  of  swing  of  ‘the  pendulum  ,  u  t  ia  determined  by  the  relationship 

Q/(l-cosa)  =  ^*.  ■  ■ 

tCbusj  'the  efficient  of  the  es^losi've  is  determined  by  the  relationship 

/1  =  Q/(1  _cosa)[l  kfp/kg.  (87,4} 

where  3  Is  the  weight  of  'the  explosive  e^ressed  in  graaa. 


iUie  experfjnen'tal  results  show  that  'the  effioienoy  of  an  explosive,  and 
consequently  the  destructive  effect  of  the  explosion,'  is  praotLoally  indeper^ 
dent  of  the  density  of  the  explosive  charge,  which  is  in  accordance  with  theory. 
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Effect  of  tho  Explosion.  Produots  and  of  tlie  Shoo}p  Wavg,  As  a  consequeaoe 

V. 

V,  ■■  Jl- 

of  the  high  detonation  pressure  attained  for  modefir  explosives  of  around 
5/2 

2  -  2,5  X  10  ks/am  ,  the  explosion  is  always  aoooiqpanled  hy  the  impaot  of 
tho  detonation  prodiiots  through  the  zoedium  in  whicsh  the  explosion  has  taken 
place j  and  hy  the  formation  later  of  the  shook  wave. 

Ihe  initial  parameters  of  the  shockwaves  originating  as  a  result  of 
an  explosion  vary  within  wide  limits,  depending  on  the  nature  of  the  medium. 
Ihus,  for  exanple,  in  metals  (iron,  steel,  copper)  which  have  low  compressi- 
hilily  the  initial  pressure  Pan  of  the  shock  wave  resulting  from  the  explosion 
of  typioal  hi^  ejqslosivea,  amounts  to  1,6  -  1,8  p,  {,p,  is  the  detonation 
pressure  ),in  soils  for  an  exploaioa  in  water  A®«'=  0,6  -  0,7' p^  and 

in  air,  which  has  a  very  strong  oonpressibillly  and  a  low  density  Pan.  i  as  a 
rule  does  not  exceed  1200  -  15.00  k^om^. 

In  dense  media  (metals,  concrete,  earth  )  all  the  parameters  of  the 
shook  wave,  according  to  the  extent  of  the  distance  from  the  explosion 
source,  fall  considerably  more  abruptly  than  in  air,  JMs  is  explained  by  tl'ie 
considerable  losses  of  energy  of  tho  explosion  products  and  of  the  shook  mvo, 
and  also  by  transferrence  to  defoiming  the  mediuat  As  a  oonsequenoo  of  this, 
the  zone  of  effective  action  in  such  madia  is  considerably  less  for  an 
explosion  in  air. 

Resulting  from  a  study  of  the  effect  of  ezplosion  in  air  the 
observed  destructive  effects  may  be  assumed  to  be  divided  into  three  groups  : 

1)  strong,  ■  charaoterlsed  by  destruction  of  stone  and  briotorork, 

2)  medium,  aooonpanied  by  destruotioii  of  walls  and  wooden  structures, 

5)  weak,  by  which  glass  wiadows,fbr  exaaple,  are  broken. 

Effect  of  an  Bxploalon  in  Dense  Media, 


firings  of  explosives  in 


media,  includiris  earth,  are  usually  aocon^janied  by  destruction  aiid  ejection 
of  the  mediuB).  Ihis  effect  is  known,  under  the  naiae  of  the  fugaoily  effect  of 
explosives > 

A  measure  of  the  fugaoity  effect  is  furnished  by  the  volume  of  the  crater 
formed  in  the  ground  by  the  explosion  of  1  kg,  of  e^qjlosive.  aihe  crater  volume 
'  depends  on  the  weight  and  properties  of  the  explosive  charge,  on  the  properties 
of  the  medium  dameged,  and  on  ‘Uie  positioning  of  the  charge  relative  to  the 
medium, 

A  considerable  influence  is  exerted  on  the  fugacity  effect  of  explosives 
by  the  extent  to'  which  the  oharge  is  sunk  in  the  medium,  Ihua,  for  exanple, 
trotyl  at  the  surface  of  normal  soil  gives,  on  explosion,  a  crater  of  about 
0, 15  m  /leg,  hut  with  a  charge  sunk  to  a  d^th  of  &  4  m,  the  crater  volume  in 
the  same  soil  is  1 

In  order  to  oaloulate  the  weight  c  of  a  charge  intended  to  blast  out 
rock,  SOHSSKII''  s  well-known,  fonsula  is  used 

tf  =  A,r‘(0.4+0.6n»).  (37.5) 

where  W.  is  the  length  of  the  line  of  least  resistance  (IM) ,  i.  e,  the 
distance  from  the  centre  of  the  charge  to  the  rook  surface,  ft  is  a  oonatant 
depending  on  the  properties  of  the  rook  and  of  tlie  e:^losive,  n  is  the 
ejection  factor,  equal  to  ~  ,  Here,  To  is  the  radius  of  the  crater 
measured  at  the  rock  surface  level, 

Ihe  coefficient  ki  for  ejqplosives  of  medium  power  oan  be,  according  to 
G.I.POKEiOVSSaX,  determined  by  the  formula 

Afc==O,80  +  O.OH5A/, 

where  iV,  is  the  yield  oategory  of  the  rock,  JV  varies  from  1  to  16  (with 
respect  to  the  ENV  &  R  scale,  1944), 
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A  l^jipical  "blasting  crater  is  shovin  in  Big,  225,  !Clie  apparent  oa  -^ter " 
dep-’  t  //,  resulting  from  fall  of  part  of  the  rock  and  crumbling  of  Uie  crater 
rim  proves  to  be  less  than  is  shovna  in  Pig.  225,  i.e.  less  than  , 

It  is  assumed  that 


G.I.POKROVSKli,  on  the  basis  of  a  number  of  assunptions,  established  that  it  is 
more  correct  to  use  the  follo^ving  relationship  in  calculating  tho  crater  si  20: 

where  t  ia  the  volumetric  weight  of  the  earth  in  kg/m^. 

According  to  data  by  PCtiOlOVSMI,  the  relationsMp  is  true  for  e^lo- 
sions  of  charge  weights  up  to  1600  tons, 

Pigure  235.  Crater  formed  by  ejection  of  rook  as  a  result  of  an  e>j)losion. 


Ihe  volume  of  material  ejected  by  optimi'im  sinking  of  charges  in  earth 
amounts  to  1  -  1. 5  m'^lcg  of  explosive. 

Three  zones  can  be  clearly  distinguished  as  a  result  of  an  explosion  in 
tae  ground  :  these  are  the  zones  of  corpression,  crushing  and  shook. 

The  zone  of  compression  is  formed  as  a  result  of  earth  being  ejected 
by  the  detonation  products  followed  by  extremely  intense  packing.  Ihe  zone 


of  crushing,  situated  behind  the  sphere  of  cojiipression,  is  characterised 
by  destruction  of  oontinui-ty  between  the  earth  particles,  partial  crushing 
iuxd  the  foOTation  of  fissures,  \7ithin  the  shock  sphere  tlae  ground  structure 
is  partially  destroyed. 

The  radius  of  each  of  these  zones  is 

In  this  relationship  the  proportinality  coefficient  depends  on  the  nature 
of  the  e^losive  and  oftho  mediucw  Huis,  for  normal  soils,  the  radius  of  the 
sphere  of  oouipression  is  approximately  eqLiel  to 

R  0.451^7. 

oo«p  ' 

Buildings  found  within  the  sene  of  crushing  suffer  considerable  damage 
in  the  majority  of  oases. 

It  Is  well-known  from  e:Q)erienoe  in  the  Second  World  War  that  the 
zones  of  deatruotion  of  terrestrial  buildings  by  explosion  of  aerial- bombs 
can  be  determined  by  tiis  eapirioal  formula 

.  •"  (87.7) 

where  -ft  B  0. 5  for  brick  structures,  k  a  0,25  for  concrete  walls  and  roof& 
The  weight  of  the  charge  is  taken  in  kilograms. 

In  order  t-o  determine  the  radius  of  Icsatruotion  as  ai*unotion  of  the 
wall  thiokneas  L  of  the  building,'  we  use  the  formula 

R  =  ^,y  j-,  (87.8) 

which  is  found  to  bo  in  satisfactory  agreement  -with  e:^eriment. 

ffor  distance's  at  which  ^littingof  briolc  walls  is  observed,  it  is 
assumed  that  b  0,4  ,  for  the  formation  of  cracks  in  brick  walls  and 
ceilings  fti  «  0, 6  and  for  the  destruction  of  light  elements  of  buildings 
(destruction  of  wall  parUtions,  bracing,  doors,  window  frames  eto)  k^  =  s 
Ci.»  1).  Destruction  of  the  latter  lype  is  observed  for  aerial  bombs  with 


a  oali'bre  of  1000  kg  at  clistaxices  of  around  6Qin. 

According  to  data  by  M.A.SAD0VSKII,  tho  radii  of  the  zones  of  des¬ 
tructive  effect  are  determined,  over  a  very  vdde  range  of  charge  weights,’  by 
the  general  relationship 

where  »  varies  from  l/S  to  2/3, 

On  the  basis  of  results  from  ezgjerimental  data  processing,  it  can  be 
concluded  that  tho  zona  of  severe  destruction  from  the  effects  of  large 
calibre  aerial  boaibs  (PAB-1000  and  S’.AB-2000)  amounts  to  about  30  -  55  e<^uiva- 
lent  charge  radii.  Hence,  it  fallows  that  this  destruction  is  oliiefly  depen¬ 
dent  on  the  effect  of  tho  air  shock  wave,  Ihe  zone  of  direct  effect  of  the 

detonation  products,  as  shown  above,  does  not  exceed  10  ••  12  charge  radii, 

limits 

It  is  of  Interest  to  estimate  the  approximate/  for  viiich  destauotion  of 
obstacles  is  dependent  on  the  inpulse  (  dynamio  effect  )  or  the  pressure 
^according  to  SADOVSKH  the  "statio''  effect  ), 

The  dynamio  effect  is  observed  when  the  ratio  but  tho  static 

effect,  on  the  contrary,  is  observed  when  the  ratio  »  where  t  is 

the  time  of  action  of  tho  shock  TO.ve  on  the  obstacle,  u  is  the  relaxation 
period  of  the  obstacle  (for  elastic  systems  5  =  7’  ,  i,  e,  the  period  of  natural 
oscillation  of  the  system). 

According  to  data  by  SADPVSKH,  the  periods  of  natural  oaoillation  of 
the  most  common  elements  of  building  structures,  rmd  also  tho  values  of  the 
"statLc"  (,F  times)  and.  the  dynamio  times)  dastruotive  loading,  have  the 
values  given  in  lable  122, 

According  to  OHSOy  and  SADOVSKU,  the  inpulsive  effect  of  a  shook 
wave  is  observed  for  'f 


Table  122 


Periods  of*  natural  oscillation. of  structural  elements, 
and  destructive  loadins  stresses* 


Erick  walls 

— 

Perro— 

Ceilings 

witli 

wooden 

beams 

Light 

par¬ 

titions 

f 

J 

structure 

2 

bricks 

1.5 

bricks 

concrete 
T/all , 

0. 25m 

-Glass  I 

i 

1 

1 

Ti  sec. 

0,01 

a  015 

a5 

0.07 

\ 

a  04  -  0.02  1 

Static  loading 

a  25 

5.0 

0.10  -  a  16 

a  05 

0.05  -  a  10 

Impulsive 

loading. 

Ttr 

220 

- 

- 

tm 

- j 

The  "static"  type  of  effect  of  a  shook  wave  is  observed  for  y  >  10  ;  Conse¬ 
quently,  for  those  structural  elements  such,  as  walls,  the,  iJipulsive  effect 
^7ill  be  observed  for  t<  0.002  sec  and  the  "statib"  effect  for  t>0.1  sec, 
for  glass  staMOtures  the  inpulsivo  effect  will  be  for  0.006 •  sec  and  the 

"static"  effect  for  t>0.2  sec. 

Conpariag,  for  a  charge  of  given  vreight,  the  time  of  action  of  the 
shocls  wave,  calculated  for  esairple  by  SADOVSKII's  experiiaental  formula 

,=  1.61^c (87.9) 
v/lth  the  period  of  oscillation  of  the  structure,  it  can  be  judged  that  ’under 
the  action  of  such  a  loading  (dynamic  or  "static"  )  it  will  be  destroyed. 

An  analysis,  carried  out  by  SIDOVSKII,  shows  that  severe  destruction  is 
determined  by  the  inpulse  of  the  si’jcck  wave,  even  for  heavy  "blockbusters". 

The  law  of  propagation  of  shock  waves  has  been  studied  by  many  investi¬ 
gators,  The  most  reliable  experimental  investigations  in  this  sphere  within 
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the  Soviet  Union  have  been  carried  out  by  SADOVBKII,  TSEKHANSKEI,  OTjISOV 
and  VliASOV* 

In  order  to  deterraino  e3qperimentalj.y  such  parameters  of  shock  waves 
in  air  as  pressure  and  in^iulse,  as  a  result  of  which  the  destructive  effect 
of  an  ejfploaion  is  chiefly  detemuned,  extensive  use  has  been  made  of 
various  mechanical  instruments- 

Instruments  for  measuring  impulses  should  possess  natural  oscillation 
periods  exceeding  by  an  order  or  more  the  time  of  action  of  the  shock  ivave. 

If  the  contraiy  is  the  case/  the  inatrumonts  will  ozfLy  measure  an  undefined 
portion  of  the  impulse* 

Insti’uments  for  measuring  pressure,'  on  the  contrary,  should  have  a 
period  of  oscillation  considerably  less  than  the  time  of  action  of  the  ow» 
pressure. 

Ihe  accuracy  of  measurement  of  ia^ulse  or  pressure  is  determined  by 
the  design  of  the  instrument  .and  by  Its  working  principle*  She  modem  equip* 
ment,  deirf-sed-  by  O.S.TSEKHANSKII  ,  is  adequate  for-messuHng  shook  wave 
iapulsea  over  a  wide  range  of  values* 

Diaphragm  pressure  gauges  (Slg.  226)  have  been  v/idely  used  for  studying 
the  explosion  field*  According  to  the  flexure  of  the  dlaphrafp  of  this  instru¬ 
ment,  some  Idea  is  given  of  the  magnitude  of  tire-  irpulse  or  pressure  of  the 
shook  wave.  Lead  dlaishrafijns  are  used  to  meas’.ire  impulses,  wiiioh  have  a  lovr 
natural  frequency*  Ihe  frequency  can  be  increased  by  using  rigid  aluminium 
diaphragms.  However,'  as  pointed  out  by  ISE2CHANSKII,  in  either  of  these  oases 
the  periods  of  the  diaphragms  are  found  to  bo  commensurate  with  the  of 
action  of  the  e^losion.  Consequently,  dicphragm  pressure  gauge  instmments 
cannot  be  used  for  accurate  quantitative  measurements. 
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gjpMre  226. 


Diaphragm  pressure  gauge  instrument. 


Sellable  quantitative  data  coiuseming  the  mauduiium  pressures  of  a  strong 
air  shook  v/ave  are  obtained  on  the  basis  of  measurements  made  of  the  shook 
mve  velocities,  whioh  arc  easily  measured  to  a  high  degree  of  Mouraxy,  The 
pressure  of  a  shook  wave  is  deteniiined  -liius  by  the  formula 

Numerous  measureraents  of  shook  wave  velocities  have  been  carried  out 
by  A,S.ZAVK[XEV  using  var^.ous  ■types  of  modem  measuring  and  recording  equip¬ 
ment,  The  results  obtained  for  charges  of  2ti(tro-tyl-hoxoge;„)  50/50  weighing 
135  g.  are  shovai  in  Fig,  227.  The  oveipresaure  as  a  function  of  the  distance 
r  from  •tlie  charge  centre  is  given  on  tTO  scales,  Eac  au'thor  estimates  the 
maximum  error  in  rneasurament  of  ■the  overpressure  ■to  be  5  -  7JS. 

By  using  small  charges  of  explosive,  data  on  the  propagation  of  a  shock 
v/ave  can  vo  obtained  as  a  function  of  "the  distance  from  the  site  of  -the  ejplo- 
sion,  by  using  mirror  scanning  v/ith  an  intensi^ty  gate  (see  pars.'^tS).  For  eaplo  - 
sives  ■which  have  small  chemical  losses  vdren  detonated,  ■the  relationsliips 


D^fi{rlro)  ^P~h{rli’a)  obtained  v.dll  be  applicable  with  accuracy  to 

a  charge  of  large  v/oight,  since  for  these  explosive  charges  gecaoatrio  scaling 
is  quite  justified.  Hiotographio  methods  can  be  used  to  great  advantage  for 
establisliing  the  relationship  D  —  f(r)  close  to  the  explosive  charge.  Calcu¬ 
lation  of  the  pressure  at  the  shock  frontj  even  for  a  very  po\Terful  shockwave, 
with  respect  to  the  known  velocity  does  not  csuso  caiy  spocial  difficulties. 
Figure  227.  Dependence  of  velocity  and  overpressure  at  the  shock  ftont 
on,  distance  from  the  centre  of  the  explosion. 


Ballistic  pendulums  are  widely  employed  for  measuring  impulses,  kkunerous 
measurements  have  been  carried  out  by  S.U3CV3ICII  by  means  of  these  instruments. 

The  so-called  ball  indicators  have  also  been  vxsed  for  me^u)uring  the  pres¬ 
sures  of  air  shock  waves  (Fig*22d).  The  pressure  of  the  shock  \mve  is  estimated 
by  the  diameter  of  an  impression  on.  a  copper  or  alimdnium  plate.  The  impression 
is  formed  as  a  result  of  steel  sphere  a  attached  to  a  piston  and  freely  movable 
in  the  body  of  the  instrument,  being  forced  into  the  plate.  The  period  of  the 
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inatruniGnt  for  use  ^vlth  copper  plates  and  a  light  piston  is  approximately 
0.2  msec,  which  defines  the  possibility  of  usage  of  the  instrument  for  inaasuring 
pressure  only  at  quite  considerable  distances  from  the  e:jplosion  focus.  Odiis 
same  instrument,  but  VTith  the  weight  of  tho  piston  and  the  hardness  of  the  plate 
selected  euscordingly,  can  be  used  t'or  measui’ing  impulses. 

It  should  be  borne  in  mind,  hovTever,  that  since  the  resistance  of  the 
plate  material  depends  on  the  rate  of  deformation  and  upon  tho  energy  of  the 
piston,  then  the  calibration  of  tho  instruments  should  be  carried  out  under 
conditions  analogous  v/ith  the  effect  of  the  shock  wave,  and  this  presents  oon^ 
siderable  difficulties. 

Figure  228.  Ball  Indicator. 


A  nuaibor  of  measurements  of  shock  wave  pressures  have  been  carried  out  by 
SADOVSICLI  by  means  of  a  piezaoelectrio  manometer  desi,'paed  by 

The  pressure-absorbing  elements  in  this  instrument  are  quarts  plates. 

By  means  of  a  delay  oirouit  it  was  possible  to  record  the  piesso-current  on 
a  Schleiffer.  oscillograph.  The  accuracy  of  measurement  guaranteed  by  the  instru¬ 
ment  amounts,  to  +  . 

For  determining  very  large  pressures  (in  excess  of  10,000  kg/cm  )  and 
also  for  plotting  the  relationship  betvreen  pressure  and  time,  I.I.A.Sadovskii 
and  A.  I.  Korotkov  used  Kopkinson’s  measuring  rod,  suitably  iirproved.  This  instru¬ 
ment,  called  a  meohanical  pressure  recorder,  operates  in  tlie-  follovrijag  manner. 


Suppose  the  shocslc  wave  encoul^ters  the  end  of  the  steel  rodj  if  the  ptressura 
of  the  wave  does  not  e::cGed  the  elastic  limits  of  the  rod,  then  the  tension  at 
its  end,  at  any  Instant  oi*  time,  will  be  equal  to  the  pressure  of  the  v/ave.  A 
longitudiiial  compression  wave  VTill  be  propagated  through  the  rod,  praotioally 
undamped  and  having  on.  approximately  constant  velocity  equal  to  the  velocity  of 
sound  Cola  the  rod  materiel. 

On  reaching  the  opposite  end  of  the  rod,  the  wave  is  reflected  and  now 
moves  back  as  a  tension  wave.  If  the  rod  is  cut  into  too  pieces  such  that  the 
point  of  sectioning  is  in  good  contact,  then,  as  a  result  of  the  passage  of  the 
eonpression  wave  the  seotions  of  the  rod  v/ill  be  pressed  together  yri.th  a  foroe 
equal  to  ps  ,  where  s  is  the  oross>*soctional  area  of  the  rod  and  p  is  the 
magnitude  of  the  pressure  in  the  wave.  On  arrival  of  the  tensile  wave  at  the 
point  of  sectioning,  contact  is  broken  and  a  piece  of  the  bar  of  length  ^  flies 
off,  carrying  a  certain  momentum  eoual  to 

mv  ~  j  spdt, 

9 

The  upper  ndmit  of  integration  is  (i  »  since  the  waVe  follows  the  path 

^  toioe. 

By  using  pieces  of  rod  of  different  leng-c2-.5  /i  ,  /«  ,  h  etc.,  the 
average  pressure  can  be  measured  in  the  dlfi'erent  sections  by  the  curve  p=f{t) 
according  to  the  momentum  of  the  piece  of  rod  measured  by  scmie  method  or  other. 

The  advantages  of  such  an  instrument  ore  obvious.  ..Acongst  its  disadvantages 
are  the  necessity  for  carrying  out  a  large  nuaiber  of  escperiments  to  construct 
the  curve  D=f(t)  ,  and  the  Im  accuracy  in  determining  small  pressures  ("tail” 
of  the  curve). 

The  results  of  measurements  of  pressure  for  a  shook  wave  in  air  reflected 
from  a  calibrated  rod,  obtained  by  A,  I,  ^iOIiOTiCOV',  are  presented  in  Pig. 229. 


7^/ 


Figure  229.  Relationship  between  pi'essura  os  a  result  of  reflaotion 

of  a  r\.ok  wave  from  the  face  of  a  steel  rod  and 
distaiioe  from  the  explosion  centre. 
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The  average  pres3\ires  over  a  time  5*10”^  sec  are  plotted  on  the  graph 
and  not  the  actual  rriaximvan  pressures  on  reflection.  According  to  data  by  KOROH^OV 
the  difference  between  the  actual  and  the  average  mav^tnl1T^^  pressures  over  a  time 
of  5  .  10  sec  is  about  10  —  15^6.  The  pressure  at  different  distances  was 
measured  by  instruments  differing  somewhat  ir.  oonstruotion.  As  a  oonsequenoe  of 
this  the  curves  in.  Fig. 229  do  not  join  up.  CJiarges  of  a  50/50  mixture  trotyl- 
hexogen  with  a  vreight  of  155  g.  were  exploded.  The  values  of  the  pressure  close 
to  the  charge  verify  the  validity  of  the  calculation  of  the  initial  parameters 
of  sh.ock  waves  in  air,  as  presented  in  Chapter  IX  .  It  should  be  taken  into 
account,  however,  that  as  a  result  of  the  reflection  of  very  intense  shock  wav,.,, 
the  pressure  on  reflection  exceeds  the  pressure  at  the  shock  front  by  at  least 


For  measuring  the  pressure  at  the  shock  front  and  its  variation  with 
time  at  a  fixed  point  in  ax^acc,  the  best  method  is  to  use  piezzo  detectors 
together  with  cathode  ray  oscillograpliic  recording  of  the  piezzo-currentSt. 

Eie  double-piston  inpulscraetor  by  TSSKHATJSICEI  (Fig,  230)  is  quite  wideity 
used  as  an  instrui:ient  for  measuring  shock  wave  in^ulses.  She  piston  of  the 
instrument  consists  of  tivo  parts  :  a  lower  and  an  upper  part.  Into  the  reoe^s 
formed  by  the  lower  ijortion  of  the  piston  and  the  upper  portion  of  the  oaaifig 
a  stop  collar  is  inserted.  Under  the  action  of  the  shook  v7ave  the  piston 

Tcoves  downwards.  Passing 
through  a  path  length  ;/  the 
upper  piston,  on  enoountajp^n^; 
the  stop  collar  is  arrcisted, 
but  the  lov;er  piston  ocin-* 
times  to  move  and  defqms  a 
conical  crusher  gauge. 

She  in^ulse  is  detemir^d  by 
means  of  special  calibration 
tables,  according  to  thte  njagnif 
tude  of  deformation  of  the 
crusher  gauge.  Calibration  fs 
accoii^jxisnea  oy  cropping  a  piston  of  predetemvLned  vreight  onto  the  ci’usli,er 
gauge,  Ey  simultaneous  measurement  of  the  ir(pulse,  v/ith  several  impulsometers  , 
having  different  olearanoes  ■*  ,  the  curve  of  y(x)  oan  be  plotted  and  P{() 
can  be  determined  by  means  of  it,  i.  e.  tlie  change  of  pressure  acting  on  the 
XTiipulsometer  with  time. 

Actually,  the  velocity  of  the  piston  is 


Figiire  230.  Double  piston  impul  some  ter  : 

1,  2  -  Pistons  ;  3-  Crusher  gauge; 
4.-  Stop  collar  . 


v/nence 


dt: 


dx 


(87,10) 


Ihe  iripulso 


and 


dl—pdt,  dt  =  ~. 

Siibsti-tutizic  the  values  oi*  dt  and  v  in  expression  (87,10)  we  obtain 

(87,11) 


_d±l_ 
P  '4xm' 


At  tlic  sajiie  tirne, 

/=  f  jdx. 

(87.12) 

Tlius,  for  every  path  length  witli  respect  to  a  knov/n  dependence  of  l(x)  , 
the  pressure,  and  the  corrcqionding  time  can  be  fomad,  i,e,  the  function  p{t) 
can  be  deteiroined. 

By  plotting  graphically  the  function  J(x)  (Pig,25l),  the  pressure  csiix 
be  found  for  any  i-3oint  with  i-ecpect  to  the  angle  of  slope  of  the  tangent  at 
the  given  point  to  the  ao=j.s  x 


Figure.  251,  Relationship  bet.reen 
the  iripulse  recorded  by  the 
impulsometer  and  the  path 
of  tlie  upjper  piston. 


Fi.r'ure  252.  Subsidlaiy  graph  for 
establishing  the  dependence 
of  pressure  on  time* 


in . 


Ill  order  to  detcnnino  ilie  tinia  t,  corrcssp  tin"  to  a  civen  presaure,  - 
a  ci'aph  is  plotted  252)  .in  wliich  tlic  sect;  a-  aC  is  hypotliotioal,  since 
for  tfie  eiiperir.ionts  carried  out  tlie  vai'iation  of  x  does  not  commence  at  zero. 
Hov/ever,  tiie  error  introduced  by  this  ciroumstance  does  not  exceed  5  -  Tfa^ 

Ehe  double-piston  ic^iulsoneter  only  measures  the  positive  phase  of  the 
iiffliulse.  At  the  instant  when  the  external  pressure  becomes  leas  than,  the 
pressure  inside  the  instrument,  disengagement  of  the  piston  occurs  if  the 
clearance  x  is  sufficiently  large. 

The  dependence  of  the  iripulse  on  the  path'x  of  the  upper  piston  has 
the  form  aliov/n  in  Fig.  235,  according  to  TSSKHiU.'SKII  for  charges  of  trotyl 
v/lth  a  weight  of  8  kg.  The  dependence  of  the  pressi’re  and  also  of  the  time  of 
action  of  tlie  shod:  v/  ave  on  distance  is  shown  in  ELg,  234  for  the  same  charges. 

It  Can  be  seen  from  Pig. 233  that  the  positive  phase  of  the  impulse  is 
integrated  completely  at  a  path  *  of  the  piston  equal  to  5  -  6  am.  The  magni¬ 
tude  of  the  impulse  detemined  experimentally,  as  Sadovskii  showed,  oox*res- 
ponds  to  jhe  value  calculated  by  tlie  theoretical  formula  • 


i  =  (87.13) 
where,  for  explosives  of  tlio-  trolyl  and  ammatol  typo,  «  52  -  56,  and  for 
flegmatizod  hexogen  A^lb. 

Dependence  of  imiiulse  as  .gij^ire  234^.  Eepgndenea  of  maxi): 
recorded  by  i'lo  impulsometer  on  «+. 


the  path  of.  the  upper  piston, 
«'’/kg,soc 
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pressure  at  the  sliock  front 
and  its  time  of  action -on  distance. 
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The  time  of  action  of  a  shock  wave  agrees  \d.th  that  calculated  hy 
SADOVSKII’S  experimental  formula 

10“®  aeo. 

I 

E'er  relatively  close  distaroes  from  the  explosion  source  (i*?  <  (15 —20)  ro)  » 
the  fomaila 


IP- 

R-i  ' 


(87,14) 


gives  a  more  satisfactory  agreement  with  ejperiment  for  determining  inpulses, 
which  is  also  found  to  be,  in  coirplete  agreement  with  theory  (see  para, 85), 

By  processing  the  numerous  ejqperimental  data  obtained  by  the  various 
investigators,  and  the  data  from  his  own  experiments,  M.A,  SADOVSKIl  eatabr 
lished  the  follov/ing  enpiridal  formulae  for  calculating  overpresjures  at  the 
shock  fronts  : 


I* 

t.p  =.  0.95  +3.9  +  13.0  ^  (  For  Trrtyl  i), 

a;>  =  1 .09  +  4.5  ^’ + 15.0 


(87.16) 


(for  a  mixture  of  trotyl  with  hexogen  in  tlie  proportion  50/50),  Ihe  formulae 
are  used  for  large-scale  concentrated  charges  Cohere,  cylinder, with  height 
equal  to  the  diameter,  cube  etc,),  exploded  at  the  eartli’s  surface.  Per  this 
0.1  <-^<1.0  (for  trotyl  ■9>100  kg), 

STONER  and  BLAMEY  plotted  a  similar  relationship  for  charges  of 
pentolite  (a  mixture  of  txxjtyl  with  T,E,N  in  the  proportion  50/50  )  : 


where 


..  8.63  I  205.1  ,  7823 

A;;= --  +  —,. +^ 


atm. 


(87.16) 


is  tho  specific 


9  is  the  density  of  t:ie  exrjlosive  chnr^o,  n 

e:cpl*  -  ®.q, 

'p:avity  of  v.-ater  and .  >o'  is  the  volanc  of  tlic  charac, 

iy  introduciiia  ar"u;-.v3nt  z  ,  S.’iDOVdlCI '  S  foriiiula  fo-’  tro'tyl-hqxoaeii^ 
which  rcser.ibles  pentolitc  in  i  charactei-istics,  \7ill  have  the  form 

(87.17) 


.  10.9  ,  4,10  ,  15000  ,  /  2 

Ap  =  —  4-  TT  H — jr-  kg' oar  . 


SadovsJcii  noted  that  the  ratio  of  the  coefficients  in  this  formula  to 
the  coefficients  of  relationship  (85,13)  are  subject  to  tho  follovang  rule  : 


A»  =  g=rl.53«f2't 

A«  =  4^=1.92«2.0  =  M 

The  reason  for  tho  difference  between  the  relationships  Ap=»/(r)  established 
by  SADOVSIdX  and  SirOIXEIR  ,  in  the  opinion  of  Sadovskii}  consists  iii  the  fact 
that  SIGNER  exploded  the  charges  at  a  relatively  high  altitude,  which  elimi¬ 
nated  the  effect  of  reflection  from  tho  surface  of  the  ground  on  the  ove3>» 
pressure. 

Thus,  an  esplosion  on  the  ground,  with  respect  to  overpressure  at  the 
shock  front,  is  equivalent  to  a  charge  of  tv/ioe  tho  mass  exploded  at  such  a 
distance  from  tho  suirface  of  the  earth  that  reflection  has  practically  no  influ¬ 
ence  on  the  profile  of  the  shook  wave,  (In  the  region  v/here  measurements  were 
carried  out,  it  is  a  spherical  and  nota  hemispherical  shook  wave,  as  occurs 
as  a  result  of  e:qjlosi'on  on  the  ground),  Eie  formula  establislied  by 

r 

II.A.SADOVSICTI  is  in  good  agreement  with  the  numerous  experimental  data  of 
various  autiiqrs. 

The  shape  of  tlie  ciiarge  exerts  a  certain  influence  on  the  efficiency 
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of  an  explosion,  mainly  in  the  oasc  v/her.  it  takes  place  in  the  air  and  has 
attack  acajjiEt  £i'ound  tr^'i^ets  as  its  objective. 

It  has  been  established  -that  as  a  result  of  the  explosion  of  large-scale 
charges  of  cylindrical  shape  (or  close  to  cylindrical)  for  a  sufficiently 
large  value  of  and  if  the  charges  are  disposed  normally  to  (or  close  to 
normal)  the  surface  of  'the  groimd,  then  tho  aone  of  intense  and  average  destruc¬ 
tion  is  increased  somewhat  in  the  direction  perpendicular  to  the  lateral  surface 
of  the  charge.  . 

Shis  effect  may  be  intensified  if  the  chorge.  at  the  instant  ''f  cr^losion. 
i.s  located  at  a  certain  distance  from  the  ground  and  if  a  method  of  initiation 
is  used  which  vri.ll  ensui'e  radial  propagation  of  tho  detonation  from  the  axis 
of  syTiimetry  of  tire  charge. 

The  optimum  height  of  explosion  of  a  cirarge  is  selected  from  conditions 
which  preclude  the  possibility  of  formation  in  the  ground  of  any  significant 
crater.  In  this  case,  the  so-called  "dead"  space  does  not  arise  in  the  vicinity 
of  tiro  explosion  focus,  and  spreading  of  tho  er^losion  products  parallel  to 
the,  surface  of  the  gxound  is  suitably  ensured. 

The  positive  effect  of  the  factors  discussed  is  explained  by  the  fact 
that  by  suitable  choice  of  tire  shape  of  tho  charge  and  of  methods  of  its  Initial 
tion,  the  formation  of  a  quite  sharply  defined  cylindrical  shock  wave  is 
achieved  as  a  result  of  the  crqDlosion.  The  brealcaway  of  such  a  wave  from  the 
front  of  the  detorration  products,  as  is  well-known,  occurs  at  an  appreciably 
larger  distance  from  the  explosion  centre  than  for  a  spherical  explosion,  and 
as  a  result  of  this  a  more  even  fall  of  the  shock  wave  parameters  is  ensured 
during  the  process  of  its  propagatioir. 


The  results  of  cor.'gparable  experiments  v/ith  cylindrical  and  spherical 
chorees  whow  that  at  identical  distances  the  pressure  of  the  air  shock  wave  to 
tlie  case  of  the  cylindrical  cliarge  is  greater  than  for  the  explosion  of  a 
spherical  charge.  Less  difference  is  observed  in  the  inpulses,  which  should 
explain  tlio  lesser  deixth  and  consequently  also  the  lesser  time  of  action  of 
the  wave  in  the  case  of  explosion  of  a  cylindrical  charge. 

A  supplanentary  factor-,  intensifying  the  directional  effect  of  an  explo-> 
Sion  in  the  case  considered.  Is  the  sudden  confinement  of  the  aodal  dispersion 
of  the  detonation  products  from  tlie  ends  of  the  charge  and,  consequently,  a 
oorresponding  increase  of  the  effective,  active  part  of  the  charge. 

Significant  effects  ,  resulting  from  the  use  of  all  the  possibilities 
mentioned,  may  be  attained  only  in  the  case  of  e:q50sed  charges  or  charges 
enclosed  in  an  envelope  ivith  a  high  filling  oooffioient*  With  a  relatively 
small  filling  coefficient  rapid  equalisation  of  the  energy  in  the  explosion 
products  occurs,  as  a  result  of  wiiich  the  shook  v/ave  very  soon  acquires  a 
shape  close  to  spherical. 
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C1LU?TER  XIV 

EXELOSIOWS  nr  D.31^SE  jigdia 
§  88,  Propagation  of  Sliock  Waves  in  Dense  Kcdia 

n^e  stucly  of  sliock  waves  propagating  in  danse  media  (motol,  'ooncreta, 
water)  presents  a  difficult  but  extremely  inportant  problem  in  the  tlieory  of 
an  ■explosion. 

Hie  solution  of  this  p>roblom  is  olearly  linlced  with  the  question  of  the 
equation  of  state  of  any  arbitrary  body  at  high  pressures. 

If  'the  equation  of  state  and  the  isentropy  equation  of  the  body  is 
known,  it  is  possible  to  establish  the  fundamental  laws  of  propagation  of 
sliook  waves  in  that  body  for  the  one-dimensional  case.  In  fact,  the  pertur¬ 
bations  irtiioh  are  propagated  in  a  body  as  a  result  of  an  explosion  will  not, 
of  course,  be  one-dimensional. 

The  moat  interesting  case  is  tlie  study  of  tlie  propagation  in  the  body 
of  spherical  end  cylindrical  vraves,  Ilowever,  thej  studj/  of  one-dimonsionsi 
motions  is  the  first  essential  stop  which  contributes  ■>.c  an  understanding  of 
the  processes  taking  place. 

Let  us  consider  some  supplementary  co.-isidoratlcno  relative  to  the  equa¬ 
tions  of  stato  of  dense  media  at  high  pressures.  It  v. shown  earlier  (see 
Chapter  'VIl)  that  the  equations  of  state  of  solids  liquids  can  be  repre¬ 
sented,  in  a  quite  general  form,  by  the  .expression 

In  solving  hydrodynamic  problems,  v/e  shall  be  interosted  not  only  in 
tie  equation  of  state  itself,  but  in  the  isentropjf  ec  v/irich  defines 

-e  equation  of  energy  in  a  system  of  hydro^mamio  ecuationo.  Con.c-cjuently, 


having  been  given  the  isen.ti*opy  equations  it  is  of  gi'oat  interest  to  deter¬ 
mine  the  corresponding  equation  of  state,  which  may  also  be  congsared  v/ith  the 
equation  of  state  (88. l)  given  in  statistical  physios.  For  this,  the  equation 
of  isentropy  should  be  in  a  form  convenient  for  hydrodynamic  application. 

ITe  shall  give  the  iaentampy  equation  in  the  form 

=  (w),  (88.2) 

whore  A  (S)  is  s  function  of  the  entropy  S  .  T7e  shall  derive  the  equation  of 
state  oorresponding  to  the/'entropy  (88, 2)  in  the  form 

/>  =  *  (^')  -T  ^(^)-  (88.  S) 


By  using  the  well-knovm  tlrermodynamie  expression 


we  find  the  isentropy  equatioar 

p=:<l>(v)-i-/V(S)/e~J  ■’», 


fC^ 


Ooitparing  this  eaqpression  with  (88.2),  wo  obtain 


1— aA^(5)  =  /i(5),  /e 
vAaere  a  is  a  coaistant. 


Integrating  the  latter  equation,  we  have 


if  —  J  dv 


—  J  if  dv 


(88,4) 


(88.  5) 


where  ko  is  the  constant  of  integratioia, 

V/e  now  recall  tJiat  in  equation  (88,  l),  ii)(r;)  characterises  the  elastic 
force  of  repulsion  acting  bety/een  the  molecules  of  tiae  medium  ;  Tf(v)  gives 
the  ''tiiomal"  component  of  the  pressure.  We  shall  neglect  the  forces  of  atti’ac¬ 


tion  acting  betyreen  the  molecules  of  the  medium,  since,  at  pressures  greater 
than  the  internal  pressure  of  the  medium,  the  repiasive  forces  considerably 


exceed  the  attractive  forces. 


Ihe  internal  energy  of  tlie  medium  can  be  -written  in  -the  form 
I  dE  =  c^dT-\-T  dv-pdv  =  TdS  —  p dv. 

Since 


then 


dE  =  c„dT  —  (l^dv. 


Integrating  equation  (88.7)  v/e  have 

,  V 

£  — £o  =  ^v(7'- 7'„)—  [  <l>dv. 

On  -tlie  ether  hand,  from  (88.6)  and  (88.1)  we  obtain 

dS—c^d]nT-\r/ (v)  dv, 
viiich,  after  integration,  gives 

S  —  5o  =  f  Jn  ^  -f-  f/dv, 


T/hence 


■  A5  =  5  — 5o-=c„In 


dv 


J  a-dr- 


where 

and 

since 


For  a  slightly-oongpresciblo  inedium 

A£'  =  c„A7’-<I>(,^;), 


A5  =  c,  ~  —fiv)  dv  =  c„ 


AT-  .  /=■(!))  Ai/  +  i^o 
?’o  F{v)v~lto 


f{v)-. 


c„F  {V) 


k„  —  P{v)v 


It  can  be  assumed  -to  a  high  degree  of  accuracy  -that 
F(v)=-Ao{v->‘—  v-J‘)  =  /5o  (p*  --  pj), 


(88. 6) 

(88.7) 

(88.8) 

(88. 9) 

(88.10) 
(88.11) 

(88.12) 

(88. 15) 

(88.14) 

(83. 15) 


7^  ^ 


cA(p'‘-Po) 

and  the  isentropy  equation  takes  tlie  form 

p=/l(6)(p«‘-pj> 


(88.16) 


(88. 17) 


As  ejcperiraents  show,  for  exarin>lG  those  carried  out  by  SHEHGETUR  in 
studying  the  propagation  of  shock  waves  in  water,  and  JH'TSEJ*  s  calculations 
(choosing  A(S)  in  the  correct  manner),  at  pressures  exceeding  50,000  k^cm^ 
k  may  be  assumed  equal  to  S  (or  aomev;hat  greater).  As  a  result  of  this,  the 
tlaermal  component  of  the  pressure  is  relatively  small  in  magnitude  cou^ared 
vdth  the  magnitude  of  the  other  pressures. 

In  other  wrds 


Kiua  it  becomes  obvious  that  the  change  of  entropy  in  solids  and  liqirLds 
as  a  result  of  a  con^ressive  shock  wave  is  very  insignificant. 


Let  us  determine  the  parameters  of  a  shock  wave  propagating  in  a  dense 


medium. 


The  energy  equation  (ncgleoting  the  quantities  and  p^'  )  gives 

.^=-f  (*'o-w).  (88.18) 

Conparing  it  with  e^qpressions  (88,8)  and  (88.1),  we  obtain  the  Hugoneot 


adiabatic  eqiiation 


In  the  case  when 


o  V 

cj-  t 


(88,19) 


F{v)  =  Ao{v-'‘~v^’‘) 

relationship  (88, 19)  can  be  vnrltten  in  the  form 

£.  ^  A,.  I  ^ 


2  20) 
-  -^0  ^ Aov[-f^  +  z/o '■) . 


Hence,  for  a  strong  wave  (p^o-) 

i> 


(08.  21) 


Vo  p 

wiaich  defines  the  quantities  or  —  »  In  tlio  case  vchen  ^o  =  0'  we  arrive 


at  the  equation 


fo 


(88,  22) 


For  ife  —  3  , ,  for  example ,  v/e  )iave 


whence 


■^■^0  2.3. 

Po 

Since  the  energy  iiwreases  slowly  for  a,  large  increase  of  pressure,  then 
the  shook  wave  is  replaced  a  normal  oempression  wave,  assuming  constaiit 
entropy,  since  in  this  case  the  value  of  the  ratio  of  the  densities 
even  for  water,  %vill  oorre^ond  to  a  pressure  of  around  several  millions  of 
kg/cm^  (and  greater  for  metals). 

Only  at  ultra-hij^  pressures  v.'ill  tiie  riiedium  acquire  gaseous  i^roperties 
and  the  entropy  oommence  to  increase  sharply,  however,  as  a  result  of  this  the 
gas  will  not  be  ideal,  but  degenerated. 

The  criterion  for  a  strong  shook  wave  con  novr  bo  established. 

In  the  case  of  propagation  of  a  shook  wave  in  the  atxsphere  (in  any- 
rarefied  medium)^  -the  densi-fy:  of  tlio  medium  at  the  shodc  front  appi-ooches  its 
limiting  value  for  a  ratio  of  the  pressure  at  -the  slioolc  front  to  the  initial 
pressure  of  about  30  -  50,  In  -the  case  of  propagation  in  a  dense  medium,  at 
iJimanse  pressures(around  100,000  kg/om^  )  the  shock  wave  is  identified  vri.t}i 
an  acoustic  wave. 

It  is  obvious  that  -blie  pressure  at  the  shock  front  is  not  a  criterion 


74;/ 


of  the  fact  that  vre  have  either  a  strong  or  a  vresk  v^ave.  The  quo-iitity 


ii-  =  iW  Bioy  he  such  a  criterion,  where  u .  is  the  flov/  velocity  at  tlic 
} 

shock  front,  c  is  the  local  velocity  of  sound.  For  Mo<  1  the  wave  ina^  he 
assumed  weak,  and  for  1.  it  may  he  assumed  strong.  For  a  shock  wave 

propagating  in  a  rarefied  medium 


M  —  ./  './’-/'o)  (t'o  — »') 
Ai,  — 

\7hioh,  for  a  strong  wave,  gives  ’ 


(88,  23) 


for  A  =  j  /Wa  =  1 .9. 

For  a  longitudinal  wave,  assuming  tliat 

(*+!)/’  +  (*- l)A 


we  find 


for 


2(p-p,y 


*/>(/>(*  -1) +/’.(*  +  ')] 


p_ 

Pb 


(88.  24) 


For  example,  for  ,  the  value  Ma=  ris  attained  for  ^  =  3  . 

For  a  detonation  wave  'W»  =  4  *  e.  .M,  is  always  leas  than  unity. 

V^e  shall  further  use  the  fact  that  as  a  result  o"  sepai’ation  of  the 
detonation  wave  from  the  solid  wall,  the  entropy  at  the  separated  slaock  front 
increases  very  insigirlficantly,  and  conseciuently  the  prohlen  is  considered 
as  an  acoustic  appi-oxiraation.  This  is  also  obvious  from  avJiat  has  heeii  said 
above,  since  tlie  quantity  M  (Ltaoh  number)  for  a  detonation  wave  is  always 
less  than  unity. 

For  a  dense  medium  where  the  isentropy  equation  (38. 17)  liolda  good. 


therefore 


(83.  25) 

whence,  even  for  a  medium  having  a  finite  value  of  '  v,  at  tho  sliock  front 

which,  for  A  =  3  gives  Af.<'0.52  ,  i..e.  Al»  is  always  considerably  less  tlian 

unity  and  the  shock  wave  in  this  medium  can  alv/ays  be  considered  as  an  acoustic 
approximation. 

Wave  Propagation  in  a  Dense  Medium  .  For  a  travelling  shook  wave 
the  Riemann  solution  of  tlae  basic  gas-dynamic  equations  can  bo  used,  written 
for  ona-diiriensional  motion  : 

l7+«|j  +  P5I  =  0.  )  (88.26) 

Elis  solution  has  tlie  form 

x  =  (u  +  c)t  +  F(u),  ti  =  j^(c-Co).  (83.27)  ' 

In  certain  cases  longilJictinal  v/aves  i:iay  alco  originate  in  t!ie  mediunv 
In  particular,  these  waves  (tv7o-dii'ectlonal  vraves)  originate  in  tlie  dispersing 
detonation  products  as  a  result  of  tlieir  interaction  v.dt.h  the  i;;eclii.u;i. 

These  v/aves,  as  is  well-knov/n,  may  be  described  by  t!ie  general  solutions 
of  the  gas-dynaiido  equations  (see  Chapter  V), 


For  an  isentroijy  index  of  A  =  3  ,  the  general  solution,  as  we  already 


know,  hns  the  form 


x  —  (u  +  c)i  +  Fi(u  +  c), 
x~(u  —  c)t-\-Fi{u~  c). 


(33.  28) 


7  ?C> 


:h'3Ee  solutions,  v/lrLch  we 


Kquations  (08. 26)  and  (o"  ''^■7)  arc  based  on  t 
sliall  now  consider. 

Sno;^50so  tl;at  at  the  point  r  ==  0  and  tirne  ^  =  0  a  linear  ohariio  of 
d^oilosive  of  Icn^tli  a  detonates  fro;.'i  left  to  riglit.  \"c  shall  consider  two 
ijrportant  practical  cases  i 

1)  tlie  left  hand  end  of  the  charge  is  open  and  there  is  2:0  tanrping; 

2)  the  entire  ^-rocesc  is  sia-oicta'ically  propagated  to  both  sides,  wixich 
reduces  the  problem  to  one  of  detonation  at  the  walls. 

Tile  wave  system  originating  under  these  conditions  is  shown  in  Pigs.  255 
and  256. 


At  the  beginning  of  the  process,  the  first  too  oases  may  be  considered 
as  simultaneous. 

The  travelling  detonation  wavs  in  the  case  of  isentropic  law  of  expan¬ 
sion  of  the  detonation  products 

will  be  desc3.u.bod  by  the  equations 

x~{u-\-c)t,  u  —  c=j.  (88,S0) 

At  time  ,  the  detonation  wave  at  tlio  point  x  =  a  reaches  the 

bour.dajr/  of  separation  of  the  t\TO  .media.  As  a  result  of  tliis,  the  follovdng 
imve  system  originates. 


In  the  detonation  products  there  arise  odther  tw/o  rare.daot.ton  v/aves 
(for  floir  in  air,  water,  etc),  or  a  compression  vrave  and  a  rarefaction  i/ave, 
sepejated  by  vreek  discontinuities  (for  flov;  of  tlic  d.  tonation  products  in  a 


slightly  compressive  moliun).  The  first  wave  Is  conjugate  iri-th  tlie  wa.ve  in 
^.ation  (o3.  23)  ;ind  is  d.oscri.bed  by  tlio  equations 

x==a  +  (u-c)(^t~^y 


.  (8Q. 31) 


Pip, lire  25,5.  Syeteia  of  v/aves  in  a  rlcnce  inoiiii..in  end  in  ihe  de-fconation 
products  ‘(left-hand  end  of  charjje  oiier.; . 


Figure  256.  System  of  v/aves  in  a  dense  iaedlum(sy7iimatrical  problem^* 


I 


Tliia  ei"i5sii«a  •Pt'om  the  eoiViiL'icii  tliat  fox-  i  — 

Fi(si-\rc)==0 


D 


arid 

/='2  (U  —  C)  =  (2  —  («  —  C)  ^ . 

Hie  second  v/ave  is  located  luore  to  tlie  riglit  of  tlie  initial  position 
of  the  ‘boundai'y  of  separation 

;c  =  (a  +  c)<,  x=.{u  —  c)t-\-Ft{ti~c),  (32.32) 

which  ia  separated  on  the  ri^ht  ty  the  particularly’'  strong  discontinuity  from 
t!ia  arbitraiy  medium,  so  that  Fi{a  —  c)  in  equation  (08.52)  v/ill  ho  defined 
"below  from  the  condition  of  coincidence  at  tlae  boundary  of  separation  of  the 
detonation  products  and  -the  medium. 

Similar'^  ,,  "but  more  complex  relationships  hold  for  an  arbitrary  value 

_XI  L  2/1  +  3 

of  . 


Die  travelling  shook  v;ave  which  originates  in  the  arbitrary  mediiun 
described  by  •fclie  equations  of  (SS,  27) 

«  =  (g  — go)»  x~{u-\-c)t+Fi(u)  (38,55) 

(here  •Uie  bar  over  «  and  c  denotes  -that  tliese  quantities  refer  to  the  given 
arbi'brary  medium). 

It  is  ob'vloua  that  to  ■the  left  and  right  of  the  bou-uclary  of  sepcoration 

p=p,  =  (33.54) 

Prom  tl'iese  oonditiona  we  shall  deto*i;)ine  the  law  of  motion  of  the 
boundary  of  separation,  and  also  the  quantities  Fi  and  Ft  . 

For  -the  de'fconation  products  vre  }xave 

■  =  (88,55) 

For  the  orbitraiy  nediiim,  for  v/hich  tho  J-sentropy  equation  (88/17)  ic 
2' 

Valxdj  since  p  ^  j  we  have 


,  ive  have 


Heiice^  at  the  boundary  of  sei>c'i3?ation 

_£i_ 


v/nere 


’)*  =  ■ 


It  follows  from  equations  (88e34),  (88.32)  'and  (88.33)  that 


w)iere 

whence' 


C  '  ^  Xt  C  —  ^0  “f~  2  Xt 


x~u  = 


tit  * 


1  A 

(y-r)  -(coH 

-  -^x) 

2t  at 


(38. 37) 


He  have  obtained  the  differential  equations  defining  the  law  of  motion 
of  the  boundary  of  sejipration  of  the  two  media. 

It  is  obvious  'that  the  initid  conditions  ore  as  before, 

j  a 

t  —  yj  j  X  —  (Zj 


—  =  D  ~  H  (I  +  ^ 


so  that 

mss, 

ik  -ik 

■n^D—iioy=‘{?o-\  f-H-o)  —Co  .  (88.53) 

T/hich  determines  the  initial  value  of  Uo  ,  tiie  velocity  of  the  boun'lary  of 
separation. 

’iTe  determine  the  initial  value  of  tiie  pressxire  from  the  formula 


w/iere 


and  C,^4-D 


4  "i~  4 

are  the  values  of  p  and  c  at  the  detonation  v/ave  fx'ont,  po  is  the  initial 
densiiy  of  the  oqslosive. 


if 


SoIvl;'.r;  cquiii^;ion  CCG.SG)  ««  uoi*  ae  Leniine,  ror  t-^ic  boiuicwjry  of  separation 

x  =  x(t), 

For  tlie  detonation  products  it  can  150  calculated  that  ■ 

t  =  t,  {a  ~c),  x~  Xi  (a  —  c), 

where  the  suffij^refers  to  the  wave  (rarefaction  or  compression)  passing  through 
tlia  detonation  products  fi'Oin  the  houndary  of  separation.  'Hie  quantities  .  and 
hi  are  variables  and  also  Ft  is  a  function  of  (w  o)  f  wliich  defines  Fi  in 
equation  (83. 32). 

Uae  determination  of  Fi(u  —  c)  leads  to  the  result 


— —ii  —  c 

a  c. 

For  the  arbitrary  medium  v/e  can  evaluate 

/  =  /',(«),  x  —  XiOi). 


(88. 59) 


These  functions  define  Fi(u)  in  the  equation  (88,27) «  As  a  result  we  hove 


t—t, 


(88,40) 


It  now  remains  to- determine  the  law  of  nptlon  of  the  shook  front  origi¬ 
nating  in  the  arbitrary  meddianv  ,  .  , 

In  -the  approxijiiatloa  (acoustic)  considered,  wo  have,  taking  into  account 
equation  (88,32), 


(88.41) 


v/here  «o  is  the  velociiy  of  the  meoi’am  ahead  of  t!ie  shock  I’ront,  usually  equal 


to  zero  and'  x  is  a  coordinate  of  tlie  shock  fron'fc. 
From  equations  (88,40)  and  (88, 4l)  wq  have 


which  gives 


r_  2  -  I  x—JTi  i  —  i 

6+ 1  ‘'o  r—  h  *+i 


n  _  _ ^0  I  1  x~xi 

S  tf/  ~  2  2  i  —  t-t  ■ 


Solving  'this '  equation  we  determine 

t)^0, 

i.  e,  -the  law  of  motion  of  tho  shook  front. 


(88. 42) 


(88.43) 


(83.44) 


Ill  Lliw  uttao  «i'  Uio  lori.  iituiii  end  of  Liie  oharce  "oeing  open(fio\r  or  ■sue 
de'tonation  products  in  a  vacuum  or  in  air)  -blia  solution  found  will  be  valid, 
in  practice,  for  ar^  value  of  ^  •  In  ■fclie  case  of  detonation  at  -the  wall,  tlie 
rarefaction  v;ave  (88.51)  formed  at  time  5  at  "liae  point  x=^a  (for 

&  =  3 ,  for  -the  detonation  products) ,  passes  ■tiai'ough  •fcbe  point  of  v/aak  disoon- 
tinui-ty  in  the  detona'tion  wave  itself,  since  ‘.n  this  case  the  solution  of 
egua'fcion  (88.27)  is  dn'tonninod  only  "by  the  interval  T^T  •  value  of 
/==|--^  is  deteiTOincd  from  -the  oondi’tion  -hhat  at  the  'point  of  ueak  discon- 
•tinui'ty  usiO  ajad  c=y  • 

For  ^  waV(L'  (Slemann  \7ave)  originatos,  proceeding  ■torards 

■the  wall  and  defined  by  the  equations  (see  Chapter  V) 

jc  — a=-(u  — c)(^— -g-);  u  +  c=>Y.  (88.45) 

Biis  wave  overtakes  the  point  of  v/eak  diacontinui'ty  be'tv/een  the  waves 
(88.55)  and  (88.52),  af-ber  which  the  wave  again  formed,  propagating  in  both 
directions,  overtakes  -the  boundary  of  s^aration  between  the  •bvso  media  and 
changes  the  pararactero  of  the  shock  wave,; 

Further,  for  /  =  (resulting  from  equation  (83.45),  if  one  assumes 
that  at  •fche  wall  tt«=o  and  c  =  -y)  for.  x^O  ),  bre,akaway  of  “the  wave  (88.45; 
occurs,  which  leads  to  the  fonna-fcion  of.  new  waves  as  a  resiuLt  of  -the  encoun¬ 
ters  of  the  various  points  of  weak  and  strong  discontinui’fcies. 

Let  us  consider  on  actual  case,  \7e  shall  assume  that  k  =  3-,  for  -the 
arbitraiy  medium  ;  -bhon  the  basic  formula  (83. 57)  l^as  -the  form  : 

(88.4-6) 

whereupon  u  =  c  —  Cn  • 

Assuming  that  j=  D  ,  v/e  can  determine  io  ==  Mo  at  the  instant  of 
inpaot  of  "blie  detona'bion  wave  wi-th  "the  second  medium. 


U 


Equation  (38. 37}  can  be  solved  ^alytically.  Since 

x  —  iit  -|-  --  \(ii  -f-  c^y  —  ^oj  *  1  (33. 4-7 ) 

then,  differentiating  equation  (88,4-7)  vdth  respect  to'  /  and  tlien  integrating 
we  obtain 

.  j  '~2  I  r  +  +  — co]’=consti 

[(U+«,)3_72JT 


v/iiidi  gives 


r  -  -  ‘  -  1-- f  —  _  _  llT 

^  (U  +  cf:— »  ju+Co— [(«  +  Co)’  — cJl»  , 

t  as  In  —  X 

.  L  «0  J  I  ‘0 


~  ■re'.tM 

3  '  yr 


X«  (u+eo)- [(to+Siy-eoJ* 

(83.48) 

^0  is  deteimined  from  the  conditions  that  for  x’=*a  ^  u  ■“  uo  • 

Ponmlae  (88.  A2)  and  (88. 48)  give  the  solution  of  the  problem  in  parametrical 
form.  By  eliminating  ‘  •  u,  fxxm  these  equations,  the  law  of  motion  of  the  boun» 
dary  of  separation  can  bo  found. 

If  the  first  sobeme  be  considered,  i, e.  flow  to  the  left  in  vacuo,  then 
for  /-+O0  u-kO  .  In  the  vicinity  of  tho  point  -^  =  0  ,  we  have 


±i>iziir^  kt"”*"  ?*• 


(88.49) 


.  +  =10  (88.50) 

L  *0  .  J  I  e  I  [  eg  •  I 


vdiere 


Xq  —  ^0^0* 


Hence,  since  xo  =  cot,  we  obtain 


—  .  irc  '.Ml  d. 

-X  —-S9^e  ■  ;•» 


(88. 51) 


It  follovra  from  (.33,51}  that  for  i-+oo  ,Vii„  ■  tends  towards  a  posi¬ 
tive  constant,  and  tiiis  indicates  tliat  tlie  ’bouiidary  of  separation  is  moved 
to  the  ultimate  distance  . 

We  shall  now  solve  the  problem  for  the  case  when  yj  is  small.  It  follo\7s 
from  (88,46)  that  '  x  is  also  small  ;  equation  (88,46)  thus  gives 


if 

dt 


■■x  = 


31^3 


jc'i '' 


(88.52) 


On  integrating  this  ejqpression,  v/e  find  that 


+  3co]  =  a*  [2n^D^  +  ScJ]. 

Evaluating  ^*02'  '>1^  =  O-l-  co  =  '  gives 


(83,  53) 


ao  2 
•^■=9 


=  0.22, 


l.i06 


(this  corresponds  approximately  with  the  case  of  pr<^agaticn  of  the  wave  in 
alTuninium), 

Similar  calculations  a  precise  formula  for  the  case  t,3=1,0; 

Cg=-Y  (cprrsponding  approximately  with  the  case  of  propagation  of  the 
shook  wave  in  water)  leads  to  the  results 


She  working  formulae  are  (88,47)  and  (88,48)  and  (88.53)  is  for  apin'o;d.- 

mate  solutions.  By  using  them  we  can  detersnine  and  ,  after  wiiicli 

we  can  determine  co  and  po-  from  the  usual  formulae, 

"Cavitation”  of  a  Dense  Medium  at  tho  Free  Surface.  ,.r,. ... 

~~  . . .  - - - — ...  ...  tiihen  aa^  dense 

medium,  tb.s  expansion  of  v^jhich  is  described  by  the  equation 

p=A{p'‘—?o).  (OS.S'l-) 

is  moving  in  such  a  manner  that  its  leading  portions  have  a  highesr  velocit:^ 

and  pressure  than  the  tail  ends,  then  as  a  result  of  its  expansion,  phenomena 


rcBcu'ulIji-  uaviia-tion  are  possible,  i,  e,  fiasuring  of  tlio  medium  may  occur# 
Since  tlic  different  parts  of  the  medium,  as  a  result  of  e^q^ansion,  are 
movD’.ng  Tvitli  different  velocities,  then  intense  stretching  of  the  medium 
occurs*  In  tlie  case  of  a  liquid  ti:u.s  leads  to  dlsiiitegartion  into  a  numher 
of  separate  droplets.  In  the  case  of  a  solid  (metallic)  cavitation  oan 

dfivelope  only  as  a  result  of  a  quite  large  velocity  gradient. 

Let  us  consider  first  of  a].l  cavitation  in  any  liquid.  It  follows  from 
(88.  27)’  that  we  can  expect,  with  a  large  degree  of  certainty,  the  follov/ing 
distrlhution  of  velocities  in  the  medium  and  of  the  velocity  of  soimd  in 
the  shock  wave,  approaohing  the  ftee  surface  of  the  liquid  ; 

=  u  —  c=  -c^,  for  ^  =  3,  (88.55) 

where  u  ia  the  velocity  of  the  medium,  c  is  the  local  velocity  of  sound  in 
the  medium,  c,  is  the  velocity  of  sound  in  the  undisturbed  medivun,  a  is  a 
constant  determining  the  stretching  by  tlio  shook  wave. 

ae  qualitative  solution  of  the  problem  of  cavitation  is  of  prims  in¬ 
terest  to  us. 


the  rarafaotion  wave,  originating  as  a  result  of  the  shook  wave  reaching 
the  free  surface  of  i;he  li^d,  as  follo\7s  from  equations  (88.28)  and  (88;,  40), 
is  oharaoterised  by  the  relationships 

‘  (88.56) 

where  I  is  a  coordinate  of  the  free  surface  ;  ’t  is  tlie  of  arrival  of 
the  shock  wave  at  the  free  surface, 

Ihe  front  of  the  rarefaction  wave,  as  derived  from  equations  (88.55) 
and  (88, 56)  will  move  according  to  the  lavr 

X  — ^  =  — c„(#~t).  (88.57) 

Tho  ooordjjiate  ;  for  which  ^  , 

*ox-  \vnicn  ^  ia  aeteiTiiined.from 

relationship  (88,56)  ; 


(S8.  53) 


c\ 


1  /or—  a  ;r  — /  > 
~  2\  t 


As  a  result  of  this 

1  (Ic—a  ,  x  —  a 

“=2l~i - ^T=rT)=— - (88.59) 

Solving  this  equation  wo  find 

x  =  —  —  —  (88.60) 

the  law  of  motion  of  the  front  beginning  cavitation.  Hie  velocity  of  the 
cavitation  front  is  equal  to 


5  =  (83.61) 

For  future  oaloulationa  we  shall  transfer  to  Laijrangrian  coordinates, 
for  which  we  shall  suppose  that  «='^  and  we  shall  determine  the  relation¬ 
ship  hetween  *  and  (  (JSo.  is  the  Lansrangian  coordinate). 

For  the  initial  shook  wave 


dx 

It 

Intonating  (88.62)  we  find 


(88.62) 


x-~  -  —  c^t-^AYT. 

In  order  to  determine  the  constant  A  we  shall  assume  that  x  =  Xo  for  the 
instant  of  time  t.  ,  corresponding  to  the  arrival  of,  the  sliook  wave  at  the 
free  surface.  Ihen 


A=.c,Yx 


xo  —  a 

iTT” ' 


whence 


x  =  a  —  Cit~\-CtYh—(xt  —  a)\/ 


Similarly,  for  the  rarefaction  wave  we  have 


dx 

1  (x-a 

x-l\ 

dt  ” 

t  ^ 

^  t-x  • 

(88. 6S) 


Intet,a'atiou  gives 


The  oonstant 

tuid 

vjliicla  gives 


is  detenninod  fi'om  the  condition 


x~l  — 


a  +  (xo~a)\/' ^  —cj, 

Xo==/>^f  +  (a-Ca0(l->/^7).  ' 


X  ^  JTfl— fl  +  C,/  j  ’ 


x  —  l  —  — C«T 


/  t  —  a  +  c^x 

Uo  — "  + V 


Hence^ 

-4i  =  j  l/4-/H-2(Xo-2)(c.T-a)' 

and 

y  <  -ui.  /(X,  -  /)  [xo + /  +'2  (g,t  -  fl)i  ■ 

(88.64.) 

At  the  line  defined  hy  acjiation  (88, 60) ,  particles  of  the  raediura 
acquire  the  maxiinum  possible  velooily ,  ~u  ,  for  which  c  =  e»  ,  p~po-  » 

Further,  every  particle  flies  apar ;  with  tills  velocity,  Independently  cf  one- 
another,  since  cavitation  of  the  medium  occurs, 

TTe  sliall  deternduie"  this  t^axir.IUIn  possible  velocity,  iiVom  equations  (08, 6C) 
and  (88.,  64-)  we  find  that 


,  4c2/(^— x)  =  (xo  —  /)  1,^0  +  /■  -{-2(c,x  —  fl)|. 

E:^re3sion  (88, 65)  gives  the  relationship  between  Xo  und  i  along  the  lino  at 
v/hich  cavitation  occurs,  Pona  (88, 61)  we  find 


3x  I  —  a 


■K  ^  ^  'K  ' 

Substituting  the.  relationship  for  t  obtained  in  (83. 66) ,  we  find  the. 
relationship  befeveen  Xo  and  «:  ; 

te-oi(*,+o+2(....-.)l-4.;(Ji+|-^)(^+^-i5a). 


Let  us  carry  out  a  fe'.r  calculations  .  If  at  t'le  of  ojrrival 

the  free  surface  j  u  =  ui  and  c  —  Ci  at  tlae  shoclc  front,  -en  uj— Ci=— Ca 
and  2c i  —  =  ,  -nhonoo 


_fa  I  I— a, 

2  r  2x  • 


.  ^^hz± 

2  2i  ‘ 


On  flying  apart,  the  first  partioD.e  attains  a  velooi-ly  of 


^max 


I  — a 


■Ci  =  2tii. 


Let  ua  establish  the  region  of  existence  of  the  solution  which  we  have 
found.  It  ia  obvious  that  for 


,B  =  0  and  c  =  Ct,  , 

x  —  a+Ctt 

Ihia  es^reaaion  gives  the  latr  of  motion  of  the  rear  of  the  ahoolc  front 


Figure  237,  Wave  ayatea  at  the  free  sui’faoa  of  a  liquid. 


1 

V: 


,1 


$0'^ 


SiQ  vexocity  i  jnotion  of  tlio  head  of  the  abode  front  is 


v/hence 


dx  11  + e  +  c^  jc  —  a  .  <^,1 

'^dt  ~~  2  ~  2t  2  • 

x  =  a-^cJ-\-,A  yj, 


v.’hereupon  tlie  constant  A  is  determined  from  the  condition  such  that  for 
/  =  X  i  x  =  l.  ,  Finally,  v.'e  obtain  the  lav;  of  motion  of  'iao  sliodc  front  in 
the  form 


x  =  a-ircj  +  il-  a  —  cy)-^ 


(88.  67) 


Fi£;,  237  gives  a  schematitr  picture  of  the  motion  of  rll  the  \mve  fronts; 
the  sliod:  front  and  the  rarefaction  wave  following  bdiind  it  ,  the  ft«r '  yf 
the  rarefaction  wave  after  reflection  from  the  free  surface,  the  line  of  move¬ 
ment  of  the  cavitation  front,  and  also  the  trajectory  of  the  liquid  particles. 
In  a  metal,  cavitation  can  be  initiated  considerably  later  the 
attainment  of  zero  pressure,  since  considerable  cohesive  forces  will  aot  in 
it  betiveen  the  particles,  thus  opposing  the  tensile  stresses. 

Fissuring  commences  when  the  tensile  stresses,  wlxioh  originate  as  a 
result  of  the  velocity  gradient,  e:a3eed  the  cohesive  forces. 


§  89.  Propagation  of  a  Spjaerlcal  Sl^ock  Wave  in  Water. 

The  problem  of  propagation  of  a  shook  v;ave  in  v;ater  is  solved  more 
sinjily  if  it  be  assumed  that  detonation  of  tlie  charge  is  instantaneous.  In 
■this  case  one  can  assume  approxiiaately  that  for  the  rarefaction  vftive  travelling 
through  -the  detonation  products,  tlie  relationship 

*_i  yi—c).  (39.1) 

Tdll  be  valid. 

It  can  be  assumed  to  an  even  greater  degree  of  accuracy  -that  for  water 

i.-'  ' 


tile  foUoTvin^  relationship  is  valid  between  the  velocily  of  the  particles 
of  the  medium  and  the  local  velocity  of  sound  (c)  : 

u  =  (q9,2) 

Die  accuracy  of  this  relationship  increeises  vath  respect  to  increase  in 
distance  from  the  centre  of  synimetiy. 

Substituting  ei^iressions  (89*  l)  and  (89*2)  in  the  equations  of  motion 
and  in  the  continuity  equation  vre  obtain 


(for  the  detonation  products) 

and 


(for  the  shock  wave  in  v^ater). 

Integrating  the  continuity  equation  cuid  neglecting  tlic  Euler  equation, 

which  for  cyliridrical  and  spherical  waves  is  not  conpatible  vri.th  tiic  condnuitv 

« < 

equation  (but  iihich  implies  an  insignificant  error  in  the  Law  of  Conservation 
of  Itonentum),  we  shall,  ty  taking  the  isentropy  equation  for  the  detonarion 
products  of  condensed  ei^losives  in  the  form 

/’  =  ^oP*  (^==3),  (SS,  5) 

:nd  for  water,  the  isentropy  equation  in  the  form 

;»  =  i4(p*— pj).  (n  =  3),  (89,6) 

arrive  at  the  following  solutions  (vrenres)  Trt.th  reject  to  botli  sides  of  the 
boundary  of  separation  : 


~r-\-^i[r^c(c,  -c)]-,  u  +  c  =  Ct 


(00.7) 

(for  the  detonation  products) 
and 

(for  water). 

Eio  orbitraiy  function  pi  is  deteradned  from  the  condition  tliat 
0  and  f  =  ro  •  An  a  result  of  this  (89,7)  is  transcribed  in  the  form 


.  (89.9) 


1  - 

y 

u  ^ 

V  To  To  / 

'•o  ~'’o  • 

If  necesaoxyj  more  accsurate  solutions  can  be  used 


Trtiere 


and 


2«i 


Hi-')]' 


i  =  a  —  c  =  Ci  —  2c 


(89.3.0) 


2^. 


(f-) 


in-^! - +24- 

4-H- 1  «. 

c. 


(39.11) 

\';here  a  =  a  +  c  =  2c  —  c,  .  In  this  case^  equation  (89. 10)j  taking  into 
account  tl’.e  condi  'don  that  for  /  =  0  ,  and  r  =  /-o,  ,  v/ill  have  the  form 


2ci 


■  +  1  + 


Vmr 


il  +  i-i 
1 


+ 


(89,12) 


Iklore  to  tile  xignt  or  tne  rareraotion  vrave  aesoriDea  oy  eqr^ations  ^,ay.a; 
or  (8S,12)  should  bo  found  the  v/ave  reiUeoted  from  the  boundary  of  separation. 

The  solutions  of  equations  (89.10)  and  (89.11)  are- found  from  the  equations 


d/t  .  da  .  o’  —  P’ 

-rr  4-  “  -T — -  “ 


d/ 


W  ^  2r 
#  ,  p’  -  o’ 
dr 


+  I"  "Sr  T  2r 


=  0, 
=  0. 


in  which  it  is  assumed  that  either  8  =  u  —  c  =  Ci  —  2c  and  a  =-  oo  = 
or  .  a  =  «  +  c  =  2c  —  Co  and  8  =  go  =  const. 

In  aooordsnoe  with  a  hypothesis  by  A.A.EUIilM0V  and  N.I.POLIAKOV  the 
wave,  reflected  from  the  boundary  of  separation,  c^n  be  approximated  to  a 
stationary  wave,  i.e.  it  can  be  described  by  the  equations 


(89.13) 

const, 


'■  -  O,,.  *-l - - - 

T  —  1  ■"  2  ’  “  r’  • 

In  the  case  vdien  k  =  3  these  equations  assume  the  form 


B 


(89.14) 

(89.15) 


whence 


«*+<?*— -4,  2uc  =  ji 

— /■J+4,  (as.i6) 

In  order  to  deteimine  the  arbitrary  function  Oj  in  (89,8)  or  in  (89, ll),  it  is 
necessary  to  know  the  la\7  of  motion  of  the  boundary  of  separation. 

Oalculations  shov;  that  the  velocity  of  motion  of  the  boundary  of  sepaj> 
ation  of  a  spherical  wave  falls  more  rapidly  than  in  the  case  of  a  plane  wave, 
just  as  one  would  expect. 

In  the  case  of  detonation  of  gaseous  mixtures  the>  ■  initial  pressures  at 
the  shock  front  will  be  small,  and  a  liquid  can  be  assumed  to  be  incompressible. 
As  a  result  of  the  detonation  of  condensed  explosives  ,  in  the  case  of  a  spheri¬ 
cal  eaqalosion,  the  pressure  in  the  explosion  products  at  the  shock  front  falls 
off  considerably  at  a  distance  of  about  2ro  ,  and  as  a  result  of  further  develop 
ment  of  the  process  a  liquid  may  also  be  assumed  to  be  incompressible. 


It  is  esssiitiol  to  iiotc  JLsi.  Llic  u,^_t^oxiia3.tiLoii  we  btq  considering 
(acoustic)  for  a  compressible  liquid,  vie  are  justi.fied,  in  the  case  of  a  spheri¬ 
cal  wave,  in  using  the  relationship 

“"37'“ y(wn +^tt),  (89,17) 

jror  w  =  3  ,  using  the  relationship  c  =  ,  we  obtain 

Du  ~C=Uu  (89,18) 

For  an  arbitrary  value  of  n  , 


Du  —  4  («>.  +C+  Ca) 


”  +  •  r  3  — fl  -  -  ,  n  +  i 

2‘(n  -.1)  ^  2  (fl  —  1 )  +  ~r^  “»■ 


(89.19) 


In  order  to  deteimine  the  law  of  motion  of  the  shook  front,  it  is  necessary 
to  evaluate  the  arbitrary  function  (h  «  The  law  of  motion  of  the  shock  front  of 
a  spherical  .^dmale  wave  will  be  differentiated  from  the  law  of  motion  of  the 
shock  front  of  a  plane  wave  in  that  the  velocity  of  the  shook  front  will  decrease 
more  rapidly  with  distance;  therefore  for  equal  time  intervals,  the  length  of 
a  spherical  sho'ok  wave  will  be  less  than  the  length  of  a  plane  shock  ^mve* 

It  can  be  assumed  approximately  that,  beginning  at  small  distances  from 
the  point  of  explosion  (for  r=?/'i  >2ro  ),  the  law  of  motion  of  the  front  of  a 
spherioal  shook  wave  is  determined  by  the  relationship 

Du  =  +  +  =  (89.20) 

where  for  /)  =  3 1  is  determined  by  the  vrell-loiown  aooustio  relationship 


(89.21) 

and  itv  is  the  value  of  the  velocity  for  r  =  r\  . 

It  is.  obvioias  from  (89.20)  that  at  a  distance  of  around  (8--12)r(,  the 
velocity  of  the  sh-jok  front  becomes  practically  equal  to  the  initial  velocity 
of  sound,  sii.  ise  '.:i  is  of  the  order  of  magiitude  equal  to  Co  ,  which  follows 
immediately  from  experimental  data. 


It  follcTT"  frcrr.  rslcitionship  (20.20)  Ci:'*d  fruiVi  'Jiu  isuij Li.-o_py  equation 
that  tlie  dependence  of  tlic  pressure  at  tlie  shock  fi'ont  on  distance  can  bo 
expressed  by  the  formula 


(89.  22) 


Hcjnoe,  at  small  distances  from  the  explosion  point,  vAiere  a  liquid,  is  still 
compressible 


At  large  distances,  v/here  a  liquid  is  practically  incompressible,  or, 
more  precisely  its  oonpresaibili-ty  is  subject  to  a  linear  law, 

=  nAp»- '&i>,  (89. 24) 

the  pressure  \^11  depend  on  the  distance. 

^n/lp”+‘ riu, 

- ^ - •  (89,  25) 

i. e,  the  acoustic  formula  will  be  valid. 

Completely  analagous  conclusions  oan  be  drawn  also  for  a  cylindrical 
e35>losion. 

The  study  of  the  process  of  expansion  in  a  liquid  of  tlie  products  of 
an  actual  detonation  is  more  oonplexi  Hov:ever,  Just  as  for  propagation  i.n 
air,  the  explosion  foold  at  small  distances  from  tlie  point  of  exolosion 
(about  (3— 5)/-„)  approximates  to  tlie  explosion  field  for  the  case  of 


Eic  solution  of  the  pixjblera  of  expansion  of  the  sphere  of  detonation 
products,  assuming  that  tlie  process  of  expansion  ot  a  certain  oistaiioe 
ri  !=«  2ra  vri.ll  "be  equivalent  to  the  process  of  expansion  of  an  ideal  gas 
in  an  incompressible  medium.  Here  and  henceforth  vre  note  that,  in  accordance 
iTith  VLASOV,  for  the  detonation  products 

jL  _  /'H'l"* 

Pi  \r  }  (89.26) 

approximately,  where  ^  p.  _  i‘oQ* 


For  a  spherical  wave  in  an  inconpressible  medium,  the  basic  hydro¬ 
dynamic  eauationa  have  iiie  form 

i 

and  lead  to  the  following  general  solution 


(89.27) 


^>=/(ly. 


/» 

-57r ' 


(89. 28) 

where  f(t)  and  are  arbitrary  functions  of  time,  so  that  it  may  be 

assumed  with  a  MgH  degree  of  accuracy  tliat  9(0  =  /?,  As  a  result  of  this, 

the  law  of  motion  of  the  boundary  of  separation  can  bo  written  in  the  form 

\8* 


so  that,  at  the  boundary  of  separation 

It  =  If  + 2Kr  ^  ^  +  2tt V  =  1  /•»  4-  2»2r. 

and  therefore  equation  (89,29)  assumes  the  form 


(89.20) 


,  3  2a  '■i 


2/'. 


dr  '''  r  f,  4('<+i)  p„r 
Its  solution,  for  the  condition  that,«  =  Ki  for  /■==/'i  ,has  tlve  forra 


(89. 50) 


«r~i- 


pi 


3(A-1)  p. 


3(/i 


--  ■)  l',>  \  r  )  ^  3p,  ■ 


(89. -31) 


p1^  vlC*ww1^m  wuvOil  Uk3  6i,v<v«U4j:i  (j&ri  Q.0^0i]nnXZl@CL 


n^ck  T  "5  rr*^  4'"»  Y<a^mw 

from  relationship  (89, 5l)i  assuming  tliat  «==.0: 

^  (.?^)''+/’.=(|p-‘:+j!tT+A)(-^)’'  . 

Neglecting  the  first  term  of  tlie  left  liand  side  of  the  equation,  which 

is  small  in  cornparison  v.'ith  p»  and  ^^(-7]*  >  and  in  the  right  hand  side  p^, 
2 

and  p.Ki ,  •^'diich  are  small  in  oomparison  vri.th  Pi  ,  v/e  arrive  at  the  eiqpression 

(f-V—  P> 

\rj  (A— 1);),  (89,33) 

Applying  relationship  (89,26)  and  assuming  -toat  /■i=2ao  ,  we  chtaln  finally 


/  /p  y  _  /  ro  y  1 

\rj  8(ft-l)jt.,( /-J  ~  8(*-l)p.  16.32  •  (89,54-) 

For  Po  s»  1,6  s/ouP  ,  D  b  7000  n/seo,  A  a  1,4,  we  find,  for  "typioal  condensed 
explosives,  =  500  ,  or  a  500  •  8  a  4000,  ^vhioh  gives  -^atsie. 


Eais,  the  limiting  distance  differs  but  sliglitly  from  the  distance 
attained  by  the  detonation  products  in  air,  V/ith  increasa  of  the  depth  at  tAiich 
the  e^losion  takes  place  in  water,  the  external  oounteipressure  increases 
and  therefore  the  limiting  volume  of  the  detonation  products  is  decreased 
in  the  ratio  (-^ J  ,  vdiere  r.<t  is  the  oounterpressure  at  a  depth  h  , 

Eie  expansion  of  the  detonation  products  (gaseous  bubble)  takes  place 
vdth  gradually  increasing  velocity.  Towards  the  end  of  the  expansion,  the 
pressure  of  the  gas  falls  below  the  hydrostatic  pressxir'e.  As  a  consequence  of 
this  the  gas  bubble  beguis  to  contract  v/ith  gradually  increasing  velocity, 
Coiroression  of  the  bubble  will  talce  place  until  tiic  increase  of  pressure 
inside  the  bubble  is  no  longer  compensated  by  the  inertia  of  the  convergent 
flovp  of  Water,  Tov/ards  the  end  of  tlie  compression,  the  pressure  inside  tlic 
bubble  becomes  greater  tlian  the  hydrostatic  pressure. 

2hus,  the  gaseous  bubble  TTill  pulsate.  With  favourable  conditions 


(absence  of  the  effect  of  bounciaiy  sui'faces)  up  to  ten  or  more  pulsations  of 

the  gaseous  bubble  mil  take  place,  Hie  process  of  pulsation  of  the  bubble 

0 

vri.ll  go  on  vd,tli  its  simultaneous  eraergence  at  the  free  surface. 

Pulsation  and  eraergence  of  the  gaseous  bubble  can  be  clearly  seen  on 
the  series  of  cine-frames, obtained  with  high-speed  cine-film  (Pig,  258), 

ICha  variation  of  the  radius  of  the  bubble,  according  to  COLS,  for 
the  explosion  of  a  250  g,  chatge  of  tetryl  at  a  d(^th  of  91,5  m,  is  shoivn  in 
fig,  239  as  a  function  of  time. 

It  should  bo  pointed  out  that  '^se  of  the  solutions  in  ec^uatlon 
(89.28)  for  a  shock  v/ave  prepagating  even  in  a  very  slightly  compressible 
‘  mediinn  has  no  physical  significance,  since  the  veiociiy  of  propagation  of 
sound  in  such  a  medium  is  always  finite  and  not  Infinitely  large,  which 
follovra  formally  from  these  solutiona*  Moreover,  it  follows  from  tloe*  solution 
of  equation  (89, 28)  that  the  velocity  in  the  shook  wave,’  more  correctly  in  the 
compression  wave,  falls  from  the  boundary  of  separation  to  the  slwdc  front, 
althoi’tgh  actually  the  pressure  at  the  front  is  higher.  However,  if  one  assumes 
tliat  9(0  ==  p,  ,  tlien  f(0  can  be  determined  from  the  condition  for 
terminal  veloci-ty  of  -Uie  v/ave. 


^/7 


■p-i  nir‘.>  ■piiifln-f-.-i or'-  cf/i<5i»niiis  ini'h'bX"  ^Tcni  thc 

of  a  charge  of  tctryl.  The  figures  belovr  the  frames  denote 
time  intervalo  after  detonation  in  milliseconds. 


We  note  that  the  equation  for  an  inconnressible  liquid  describes 
relatively  aatisfaotorily  only  "l^ie  law  of  motion  of  the  boundBry  of  separation. 
Consequently j  in  order  to  describe  the  acouitdo  stage  of  propagation  of  tlio 
wave  the  acoustic  equations  should  be  used,  taking  into  accoiuit  the  non¬ 
linear  termsj  1.  e.  to  assume  that  in  tiie  travelling  wave  tlie  relationsliin 

u=  'fV—dpdv  =  f  c-^,  ,  > 

^  J  ?  ■  (39.55) 


is  satisfied,  and  which  can  be  vritten  in  the  form 


'.'/hereupon 


u 


_i_ 
r  ■ 


(39,53) 

(39.57) 


21i6  rriwiut:iii;Lua  i^osseased  by  tsae  water  behind  tlao  shoal;  front  can  be 


determined  by  relationsliips  similar  to  tliose  wliich  we  used  in  para.  85, 

In  conclusion,  lot  ua  consider  tiie  case  of  a  point  explosion  in  v/atcr. 
Ihe  equation  of  state  for  the  water  can  be  Witten  in  tlie  forra 

^  p _ /I (SK, 


Firmre  2 SO.  Dependence  of  radius  of 
Cs^seous  bubble  on  time 
interval-  after  detonation. 


and  tlie  power  index  can 
be  chosen  quite  arbitrarily 

ooire spending  to  the  lesser 

« 

value  A.  If  we  accept  the 
approxljiiation  that 

p=/l(5)p’‘  (89.39) 

tlien  it  is  easy  to  find 
solutions  for  the  case  of  a 
point  e^^jlosion,  Eiose  sol¬ 
utions  becoafi  particularly 

sirple  for  n=7.  Actually,  by  using  the  basic  solutions  for  similarity- 
solution  •irqoe  notion 


dim 


(aj-w) 


d  Jny 
dx 


-(n-l) 


dx  .  \N{n~\)-\-n-\-\]x  —  2 

{a^  —  xyi-y 


(80.  dO) 


p/ In  t-f- In  (a:  - o,)  + In  z  =  0 

X 


and  seeking  the  solution  in  the  form 


_  2ai 

n+1  ’ 


X  =  Xi 

v.'e  arrive  at  the  follovd.ng  result  : 


n^]  t  * 


y=yi 


2/1  (fl —  1)  a'l 

(n+1)' 


YTn(n  —  1)  air 
n+1  / 


(89.41) 


(89.42) 


^39.43) 


'-^1  ^  W*  VAMbW  ■'  h  I  t  t  m  l  I,  IjJlriJiXii  miOUvL^  06  X"V\pLX  UnliQCL 

|A^(re — 1) n-jr  U  Xi  ~2', 


1 

1 

II 

(8&.44-) 

Hence  .we  see  that  since 

_  2 

Ni-3 

/+1 

/^~r- 

(89.45) 

For  N  =  2  we  obtain  «==7. 

As'  a  result 

of  this 

r 

'^0,4  • 

(89.46) 

The’  law  of  motion  of  the  shock  front  is  expressed  hy  the  relationship 

=  (89*47) 

The  dependence  of  the  pressure  on  distance  is  expressed  hy  tlie  relg^tionship 

P'^r-K  (89.48) 

The  respective  constents  can  be  determined  from  the  eaergy  aquation. 

With  this  we  conclude  the  short  discussion  of  the  basic  laws  of  the  most 
inqportant  t3»pes  of  non- stationary  motion  in  liquids.  We  note  only  that  after 
passage  of  the  shook  front  through  the  surface  of  a  liquid  cxavitation  commenoes, 
nhich  leads  to  the  ejection  of  atcaoised  liquid  into  the  atmosphere. 

§  90,  Some  Problems  conoemod  vri.th  the  Theory  of 
an  Explosion  in  a  Liquid. 

In  order  to  interpret  some  of  the  experimental  data  relating  to  the 
study  of  shook  wave  propagation  in  liquids  and  the  interaction  of  a  compressed 
liquid  with  various  obstacles,  it  is  of  great  Interest  to  consider  tlieoretically 
a  number  of  ideas  relevant  to  this  range  of  problems. 

First  of  all  we  shall  consider  the  question  of  limiting  oonpyression  of 
a  liquid.  Suppose  that  in  a  volume  o  there  is  an  explosive  and  in  a  volume  i> 
there  is  any  liquid  (Pig.240),  The  \ralla  of  the  vessel  containing  tliis  liquid 


•said  also  the  oxploa-fvft  wr  shsll  assurse  to  he  ahsuluieljr  solid.  lUiov/ing  the 
calorific  value  and  density  of  the  explosive,  and  also  the  density  of  the  li¬ 
quid  end  its  equation  of  state,  we  find  tlie  limiting  volume  v.'Mch  this  liquid 


occupiea  after  detonation  of  tJie  eirplosive,  resulting  frcm  its  compression  hy 
the  detonation  products. 

Suppose  the  equation  of  state  of  th..  explosion  produots  has  the  form 

(90.1) 


and  the  equation  of  state  of  the  liqjiid  has  the  fom  ' 


(where  P,  is  the  initial  density  of  the  liquid)  (we  sh-"'  1  neglect  changes  of 
entropy,  which  is  permlssihle  for  pressures  up  to  200,000  Itg/cm  ).  Than  the 
following  relati,on3hips  are  obvious  for  the  limiting  state  of  equilibrium  of 
the  explosion  produots  and  of  the  liquid  : 


(90.5) 


where  x  j  defines  the  position  of  the  boundaiy  of  separation  of  the  e:^losioi 
products  and  the  liquid  in  the  equilibrium  state,  p  pnd  p*'exe  the  densities 
of  the  explosion  products  and  of  the  liquid  In  this  state,  p  is  the  equili¬ 
brium  pressure  Pj  is  the  initial  average  pressure  of  the  explosion  products, 


-  _  roZ)» 

■Pi  2(i+i)’  (90.4) 

where  Pa  is  the  initial  density  of  the  explosive,  and.  D  is  the.  detonation 
velocity. 


Picnjya-  240.  Gonm-i’ftjsfli  n-P  «  liquid  by  tb^  cxplcsioit 


SJ^ice  the  initial  effective  velocity  of  sound-  in  the  liquid  is 

£*=  YnAp2~^  =  tu:^,  (90.5) 

where  is  the  normal  initial  velocity  of  sound  in  the  liquid  (the  coef¬ 
ficient  a  is  a  oorrection  which  takea  into  account  the  inaocurac^  of  the 
equation  of  state  (90«2)  for  small  pressures),  then  relationship  (96«S)  can  he 
written  in  the  form 

2«*(A+i 

Hence,  it '  is  posaihle  to  determine  that 

X’  V- 


iVo-sf -('  +f)‘[(  A' 

Lx  t  T / 


—  1 


(90.6) 

(90.7) 


For  a  specified  explosive  and  liquid 

t-At;- 


If  we  designate  ' 

n _ PqD*  _  ^ 

2a»(*+l)  '■ 

then  it  oan  he  shown  in  the  general  case  that 

Calculations,  for  a  typical  e:q3losivo  and  water  shotT  that  for  1//  =  1  ,  the 
density  of  the  water  is  increased,  hy  no  more  than  5C9u.  It  is  vToll-known  that 
the  Initial  density  at  the  shook  front  in  v/ater  can  he  greater. 

The  next  prohlem  which  must  he  solved  in  order  to  analyse  the  processes 
involved  in  shock  wave  propagation  in  y/atei*,  is  the  prohlem  oonoerning  reflection 


of  a  shock  vwa  from  a  non- deformable  wall  (Fi^.S^iL). 


Fipw:e  241.  Reflection  of  a  sJ’jck  v/ave 
in  w.ter  ftcm  a  non- 
defonnable  wall. 


Shock 

wave 


i 


]7q  shall  conduct  the  disouasion 
for  the  Ocise  of  reflsotion  cf  a 
plane  wave  ingsaoting  at  right 
angles  to  the  wall.  V/e  shall 
also,  as  above,  neglect  the 
change  of  entropy  on  reflection. 


It  is  well-knoiTn  that  even  as  a  result  of  reflection  of  an  air  shock  wave  the 
entj^opy  does  not  increase  very  stronglyj  on  reflection  of  a  detonation  wave  it 
is  increased  but  little.  This  is  associated  vhLth  the  fact  that  for  the  deto¬ 
nation  wave  the  l^ach  nianber 


For  the  liquid  ,  in  the  impacting  wave  ^  ■*'®  pressures  not  exceeding 

1  0  ke/aa  ),  therefore  the  change  cf  entropy  can,  in  fact,  be  neglected. 

If  the  reflection  bo  considered  as  an  acoustical  apprcodination,  as  we 
have  decided  to  so  do,  tnen  for  the  wave  proceeding  from  left  to  right  the 
Riemann  invariant  is  conserved  up  to  and  after  reflection,  which.  In  tne  ease 
of  the  equation  of  state  (90.2)  is  written  in  the  following  manner  : 

(90.9) 


I  2  ,2 

®  T”  „ _ ]'  ^  refl  f  j-  P  r«fl  . 


At  the  instant  of  reflection  at  the  wall 

rofl  =  0  and  ^Tefl  =  C  ■ 


n  —  1 


(90.10) 


Since  t.;  the  In^jaoting  shook  wave^  which  propagates  os  a  result  of  expansion  of 
the  explosion  products, 


C  =  Cn 


«  — 1 


■«. 


then 


hence  it  follows  that 


■  P8fl 


“rofl 


r«£l 


=  2C  — Ca 


—  c  —  2U~2{c  —  t'i). 


(90.11) 

(90.12) 

(90.13) 


Tho  pressure  end  velocity  of  sound  ore  connected  ty  the  relationship 


/  2n  Bn  \ 

P  —  — C"V* 


(90.14) 


therefore 


-?!1.  r  /  rtrd. 


Let  p  “  p.=  ^P  ,  then 

in  Sn 

^'’refl  =^refl  +2 

whence 

==  2Ap,  (90.15) 

vdiioh  is  valid  for  a  weak  wave. 

In  the  case  of  a  strong  wave,  neglecting  the  quantities  p,  and. 
we  have 

Prati'=i"~'P‘  (90.16) 

The  result  depends  strongly  cn  the  pov;er  index  n  in  equation  (90.14),  oonsa- 

quently  it  is  not  preoise.  For  /?  ■=■  3  ,  P.^ti-  —^P  *  n-*oo  =.  4p  . 

6  2 

Ilha  true  value  of  «  for  pressures  in  the  range  1  to  10  kg/cm  lies  between 
5  end  8.  A  difference  in  pressures  of  a  factor  of  two  is  obtained. 

It  can  be  assuaed  tnat  by  nieasuring  the  ratio  between  the  "incident"  and 
the  "reflected"  pressures,  v/e  can  detonaine  the  value  of  n  ,  hovrever  these  sa-aa 
measurements  are  unl’ortunately  characterised  by  low  oocureny, 

.  VTa  shall  consianf  now  the  problem  of  projection  of  a  solid  body  by  a 
compressed  liquid  (Lagrange’s  problem  i  n  internal  ballistios,  where  the 
projection  of  a  solid  body  by  a  compressed  gas  is  considered).  Suppose  we  have 
a  tube,  filled  with  ^  compressed  liquid  (Fig. 242);  the  cross  sectional  area  of 
the  tube  is  equal  to  unity.  In  front  of  the  liquid  there  is  a  body  of  mass  M. 
The  density  of  the  liquid  is  pj  ,  the  pressure  is  pj  ,  the  mass  of  the  liquid 
/n  =  /p  i  .  V/e  shall  choose  initially  a  coordinate  of  the  liqai<i  -r  projectile 
bcrondary  and  v/e  shall  assume  that  motion  is  initiated  at  time  /  =  0  «  The 


mc'tion  is  determined  by  the  equations  i 


x  =  (ii-c)t  +  F{C), 

“■  =  -Jl—T  ‘  ~  (90. 1'/  ) 


In  accordance  with  the  Law  of  Conservation  of  Momentum,  the  follc«iing  relation¬ 
ship  will  hold  good  at  the  surface  of  the  body 

=  =  (90.18) 

assuming  the  equation  of  state  to  be  in  tne  fora 

p  =  A(p^—]>l)  =  B{c^~cl),  (90.19) 

whore  , 

c  =  /3:4p,  B  =  (rt  =  3). 


we  shall  transcribe  eqjaation  (90..  18)  in  the  foxa 


(90.20) 


Since 


u  =  Ci  —  c,  dii  =  —  dc, 


then,  iVom  (90.20)  we  obtain 


M-±=.M(cy-c)^=-B[c^~  c^. 


(90.21) 


On  Integrating  this  equation  vire  have 


.  /•  ^  f’jn  1 

r  —  c®  .  ZBe\  [2  c^  +  cc^  +  cl 

jc  =  _— /’(iinfli! 

S  •'  —  c*  sacj  [2  e‘+  cc^  +  cl 

icl  2  ‘  c^+  cc,  +  cl  ^  c  +  2cj  ^  3Bc,  2 


+  const: 


/  3«  1  ,  /M 


'  ^  M  ('  cdc 

+-Bj-?zr4- 


2  +  CCj  -f"  ^ 


whence 


Since  for 


Knowing  that  and  x  =  x{c}  ,  to  doteimlne  F(c)  =x{c) —■  {u  — c)l{c]. 

The  rarefaction  «ave  in  the  liquid  will  be  deten&ined  by  the  relationship 

x—x(,c)  =  (u  —  c}(t  —  Tic)),  u-\-c  =  Ci.  (90,25) 

The  lair  of  notion  of  the  projectile  is  described  by  relationships  (9U.25)  and 
^90. 24),  where  c,  is  introduced  as  a  parameter. 

At  time  <“'^  =  •27  »  the  front  of  tne  rarefaction  wave  reaches  the 
wall  located  at  the  section  x  —I  „  and  gives  rise  to  a  new  reflected  rare¬ 
faction  WftVe, 

This  wave  will  be  oharacterised  by  the  equations 

X  —  x  =  (u  —  c)(,t  —  i), 

x=(,u-‘rC)t+F(u+c).  (90.26) 

We  detexmine  the  arbitrary  ibnction  F(u  +  c\  in  the  following  manner.  In  the 
S0otion,^  =  — /  ,  «a0'  for  any  value  of  t  •  Therefore 

/^(0  +  o)= — ^(/H_(o:fc)^]  i 

since 

then 

and  /^(O+o)  =  -[/  +  (0  +  o)p+4if)] 


r  \2 

a/ 


M  \  \  /C  \  . 


3flc, 


•  2 


+  const. 


/  =  0  X  =  0,  w  0,  i;  =  c  i  ,  then 


(ci  — c.j 

-K3(2^- 


1  tlur 


/  3  c 


•/Sg. 

2g,+  gi 


(90.22) 


^9C&25) 


(yy.24; 


or 


F(0^c)r^-\2l  +  x^{Q+c)t]. 

How  vra  must  bear  in  mind,  that 

t~t{c)  =  t[Q-\-c),  x  —  x{c)~x{0-\~c). 

Since  vra  have  the  iiirther  relationship-  u~  c  =  — c,  ^  ixi  order  to  detenndne 

and  ^(c) ,  then 

and  + 

Tima ,  for  u  0  '  we  have 

F{u,+c)~  —  \2l->riu-Fc)l(u  +  c)+x{u  +  c)\  (90.27) 

and 

x~{fi+c)t  —  2l—x  —  {u^c)t. 

Finally,  we  write  eqjaationa  for  the  reflected  wave  in  the  form 

x—x  =  {u~c){t~t),  1 

x—x  +  2l^(u+c)it~r),!  (90,29) 

where  T=t(u  +  c)  ,  x  =  x(u  +  c)  ,  whereupon  . 

Mding,  and  subtracting  eq,uation  (90.29)  vo  obtain 

x  +  l~  u{t  —  T),  1 

.  (90.50) 

For  a>0  ,  in  fact,  x  =  —  l  ,  which  is  proof  of  the  validity  of  the  deter¬ 
mination  of  ■  F(u  4-c).  The  wave  reflected  fran  the  wall  will  be  propagated  to 
the  light  according  to  the  law 

4r  =  "  +  ^-  (90.5i  ) 

From  the  second  equation  of  (90.29)  we  obtain 

+  iu  +  c)dt  —  {u-\-c)-j-^:^d{u+c).  (90.52.) 

Con5>aring  (90.51)  and  (90.52)  we  find 

t^l~\-{u  +  c)i' -X',  (90.55) 

where  the  derivatives  are  talceu  with  respect  to  (u  +  c'  , 


(90.28) 


%J7 


•  Jt  xulxwrtia  rx'Uia  "txiSiX 

X~f  (n  +  r) \2T  -4- (u  +  c)~t"  —  x'\  d {a  + 1).  (90.34) 

Bqjiations  (90.33)  £uid  (90.54)  determine  the  front  of  the  reflected  rarefaction 
nave  in  parametrical  fonn. 

Solving  equations  (90.23), (90.24) ,  (90.53)  and.  (90.34)  simultaneously 
T/e  determine  the  time  t  and  the  coordinate  x  vdien  the  reflected  vrave  reaches 
the  projectile. 

The  problem  can  be  further  condidered  as  a  normal  thezmodynsnlc  approxi¬ 
mation,  assuming  that  thepressure  is  independent 'of  the  distance,  but  Is  depe]>' 
dent  only  on  the  time.  With  other  conditions 


;?  =  4(()>-p2), 

TThere 

(90.35) 

(p  is  the  density  at  time  t  fcer  r  =  r  ,  i.e.  near  the  projectile). 
Conseq.usntly, 


M 


(lu  ..  du  .  /-a  X  \ 


Hence, 


This,  solution  is  significant  nhilst  P  ^  P.  .  "Sot  .  p  = 


(90.36) 

(90,57) 

(90.38) 

(90.39) 


Inter,  the  motion  of  the  body  wilX  be  inertial  if  the  external  resistance  is 
not  tsdc(  into  account.  Since  expansion  of  the  liquid  can  take  place  only  for 
values  of  p  >  P.  ,  then  the  limiting  velocity  which  may  be  acquired  by  the 
liquid  as  a  result  of  free  expansion  in  vacuo  cannot  exceed  the  value 


ttmux  —Ci  —  Cl, 


or  in  the  more  general  case 

. — (90.40) 
Thus,  equation  (90.39)  'is  valid  only  in  the  ofiae  when  «iia,<aa,„,  ,  vdiioh 

is.  fulfilled.  Iftor  «  attains  the  value  ,  further  ejcpansion  is  qjiite  im- 

possihle  and  motion  \vi'  take  place  inertially. 

In  tlie  Wave  reflected  from  the  projectile 

X  =  X  proj  X lia  ti  =  Wpro  j  —  U'iim 


as  a  result  of  this 


(90.41) 


Obviously,  the  condition  should  also  be  fulfilled  that 

p  r  =  m. 


as 

However,  because  of  the  fact  that  for  t  =  t  the  density  at  different  values 
of  X'  is  differwt,  this  condition  is  not  precisely  fulfilled.  Therefore  it  is 
essential  to  dstenidne  p  precisely  frcm  the  condition  of  equation  (90. 41).  The 

difference  in  the  determijiations  of  p  vdll  be  a  measuro  of  the  acaura^  of 

. '  f 

the  "thermodynamic*  approximation, 

f 

Figure  845.  System  of'  waves  in  a  liquid  created  by  a  projectile. 


The  system  of  waves  created  by  the  projectile-  is  shown  in  Figi  243. 


i 


§  tU.  La^rance's  F..'oblem  for  the  system 


Gas  -  Liquid  -  Projectile, 


.'c'v  let  us  consicler  t.;c  norc  general  probleir*  Suppose  that  in  a  tube, 
■..'Lt:i  u'i  iO'ca  of  cross  section  s  =  1  ,  an  e::plosive  ciiar^ic  of  rsass  m  is 
•'.'.'tonv  o  vo7-ur.-io  /  ;  -'x.  tiic  riyht  is  It A  ■r,:'’  voI'st.o  ^  end  ino.ss  [a.;. 


2i;c  lir:h.l  is  in  contact  with  a  projectile  of  rs.ss  M  (?i£.244), 
Pin-irc  24*'':,  Projection  of  a  solid  bo(3y  by  a  Gao  -  licuid  systen. 


; ■■ 

II:# 

1- - A— J 

Ik 

Initially#  wc  shall  t:.;.'  a  coord’jmte  at  the  boundary  of  separation  of  the 
explosive  and  tire  licuid,  Z'io  detonation,  which  vro  ahjull  a.FsaiiO  to  be  insten- 
tcjneous ,  occiors  at  time  <  0  * 

The  system  of  v/aves  or.giriatins  from  this  is  slwwn  in  ?i^245. 

Fi.'Ture  245  «  System  of  wavoi.  ori£irm.tinc  in  a  and  a  li(iuid  by 

tlic  yro^^’Ction  of  a  solid  body. 


ruvc  (I'OiJLecteu)  passing  through  tiio  esiplosion  products 


is  described  by  tlio  eouatlona 

x  =  iu  —  c)(,  U  =  Ci — c 


v/i thin  the  interval  of  tine  — ,  whore 


A  ctationaiy  wave  vdll  be  propagated  to  tlic  rigi^t 

U—Um  c~c^,  P—Px 


(91.  i; 


(91.2} 


vKth-jn  the  interval  of  tine  (Ua  —  c^)t-4.x^uJ  ,  Mrl-iereupon  and  .  p^' 

are  da  fcerminod  from  tlie  equation 


.  (91.  3) 


viiera  Pi  and  are  the  inn.tial  density  and  velocity  of  sound  in  tiie  liquid, 
for-v/hich  ths  equation  of  state  is  defined  by  (90.19),  A  stationary  shook 
wave  will  pass  througli  tJio  liquid 


II  =Wj, 

c  =  c,, 


(93-40 


Eec  sliook  Wave  vd.ll  reach  tlic  projectile  c,t  tine  /i 
stock  wave  is 

n  .  +  + 

,  - 2 - » 

since 


then 


The  velocity  of  the 


Ct 


and 


X  _  X 


(91.5) 


As  a  result  of  reflection  of  the  shook  wave  from  the  projectile, 


a 


j.  Loll  .'iuoLik  wave  oi-ieLnates  TOiaoti  proceeds  to  the  left,  Tlie  v/ave  is 

oiiaractei’iced  by  tlie- eeun. ..  ; 


«+e  =  M,  +?a,, 


(91. 6) 


’.vhore  ®(w — c)  is  tlio  sarae  as  in  tiio  previous  problera  (of,  §  90),  Here  and 
henceforth^  for  the  parameters  charactorisinc  tlic  liquid;,  we  shall  put  a 
lino  above,  except  for  the  velocity  and  the  pressure  p  , 

At  time  ~  rarefaction  wave  passing  throu^i  the  explosion 

products  is  reflected  fi'oin  the  wall  and  a  wave  is  originated  v/hich  is 
described  by  tho  equation 

«— c  =  -f,  =  (91.7) 

At  time  <a  =  —  in  the  section 


(91.8) 


the  single  wave 


u—c~tu 


u  +  c 


_  x  +  21 


(91,9) 


originates. 

The  rarefaction  wave  (91.6)  moving  in  tlic  liciiid,  at  time  ^  =  —  in  tlie 
section 

(91.10) 


reaches  the  boundary  of  separation,  and  the  wave 

x  =  (u—c)f-h<P(u—c),  x  =  (u-hF)i  +  F(ii  +  c),  (91,11). 

origxnates,  vrtiercupon  f(K.+  c)  can  be  found  from  tJie  obvious  conditions 
that  at  the  boundary  of  separation  the  velocity  and  pressure  to  left  and 
right  are  equal,  and  s  a  result  of  this 


(91.12) 


Hov.'cver,  thi2  foin-n  riP  -h’-i-i?  ic  ci^treiVibl^  uojiiplex  \,aee  A.i’.STAL-rrO'KO'VICH 

"  I'Ton-stabilisinfi  Ji>tion  in  Continuous  lledia" ,  ,  §  60),  She  final  solution 
vdll  olGo  be  extremely  cor.iplex,  since  in  the  nevdy-ori£ir.atin2  r.nvos 
cl;(u_7)  and  /^(u  +  c).  sliould  be  taken  into  account. 

It  is  of  considerable  interest  to  consider  ttie  liiiitins  phase  of  tlie 
motion.  'i7e  knov/  that  inrref:  icted  v/avos  the  pressure  depends  sligiitly  on  the 
coordinate  x  and  falls  rapidly  v/ith  time.  It  can  be  assumed  that  this  same 
law  Vtill  be  valid  In  the  Avavo  S)  and  in  all  succeeding  v/aves. 

First  of  all  it  is  necessary  to  elucidate  tlio  laA7  of  distribution  of 
velocity  inside  the  liquid.  In  the  limiting  state*  for  t-t-oo 
e  -♦  c  ^  and  p-^p^  ; 

as  a  result  of  this 


(91.15) 

«  =  «o“  const. 

(91.14) 

are  possible.  \7o  sliall  establish  wliidi  of  these  ywo  lav/s  is  valirl. 

The  roaxjjoua  flov/  volocily  of  the  products  from  an  instantaneous 
dotonction  in  vaouo  is 

=  .  ..V  Csi.1-) 

Ihe  liquid  vdU  have  this  same  velocity  for  the  oondltion  that  its  mass* 
and  the  mass  of  the 'projectile  tend  to  zero.  On  tho  other  liand,  as  a  result  o 
disintegration  of  the  compressed  liquid*  its  maximm  velocity  is 

fira.x  —  C B  ~  Ci,  (91,  16) 

Obviously,  if  ,  i.e.  if 

£■•  >Cg  —  Ca,  (91,17) 

then  the  liquid  \'vill  Eiove  7d.th  constant  velocity,  since  tho  detonation 


prociaots  Deirnid  V/11.1  "cpeed  up"  the  liquid. 

As  a  result  of  the  fi.  .al  r.iaus  of  the  liquid  and  of  the  projectile,  it 
is  necQssary,  for  constant  volooity,  to  obtain  on  inequalitjr  for  the 
velocity  of  motion  of  the  boundary  of  separation  betv/een  the  explosion 


products  and  tlia  licpiid  :  , 

Ua  max  ^  ^  s 

(91,18) 

In  the  contraiy  case  when 

ttjB  mftX  ^  B 

(91.19) 

the  velocity  in  the  leading  portion  of  the  liquid  vd.ll  be  greater,  than  at 
the  boundary  of  separation  and  the  regime  of  motion  of  tlie  liquid  (91,15) 
is  established,  for  viiioh  The  v/ave  (91,9),  propagating  in' the  explosion 

products,  is  oharacterlstio  in  that  tlie  pressure  in  it  is  greater  to  tlio 
right  than  to  the  left  (tills  is  a  coiapression  wave),  Eio  compression  wave 
moving  through  the  liquid  \7ill  "drag  away"  the  particles  of  liquid  to  the 
left,  reducing  their  valoci'ly,  whereupon  this  process  vdll  bo  propagated  from 
left  to  right,  v4iioh  leads  to  a  velociiy  distribation  defined  by  relationship 
(91,13),  If  .'n>n  +  /Vf  ,  the  "remning"  process  of  the  liquid  will  begin 
again,  v/faloh  leads  to  the  law  described  by  equation  (91,14),  If  m<n  +  A/  , 
then  the  flow  is  defined  by  equation  (91,15), 

Let  us  explain  how  either  the  conditidn  — ei  or  the  stronger 

condition  ci  >  —7,  (91,  20)  can  be  attained. 

The  equation  of  state  of  the  oiqxlosion  products  has  the  form 

p=‘Atp',  ^91,21) 

the  equation  of  state  of  the  liquid  is 

p  =  (91,22) 

Por  the  explosion  products  we  write 

P  —  (91,25) 


iuilU  Ujie  J.XQUXCL 

p  =  B{c^~cl).  (91.24) 

At  tlie  boundary  of  separation,  betoeen  the  ex^jlosion  products  and  the  licjdd 
Px~Pa  ■  • 

In  the  case  ii==Af  -iO  ,  the  pressure  in  an  infinitely  thin  layer  of 
liquid  Md.ll  bo 

(91.25) 


p.=.hBL 
P\~  8 


therefore 


wnence 


■;;>  _ do  zt  i~> 


Hie  condition  that  gives  (<?i+c.)®> -^ei  +  ci 


(91, 26) 
«  Mihence 


or 


Sinoe  for  trotyl 


and  for  water 


=  T  /"I  •  Pi  =  ■  10’  oa/seo, 


(91.27) 


5  — £■,  =  1.5  •  10'  o»/seo> 


then  we  obip  'a 


(91.28) 


Conaequentty,  the  inequality  (91.20)  for  infinitoty  small  masses  of  liquid 


JCCtiLiLC  Z.Z  Cb*w'wr^‘L4~*C>^  ^.u  £Xi'3£JMiwt:;u.  L:i;:tl/  xu  Xi's  flXi'ijO  £l'b'b£ixn0^ 

for  final  rieanes  of  limid  and  projoctilo  not  exceedina  certain  values. 

Let  us  pass  on  to  finding  the  limiting  velocities  of  inotion  of  tVie 
liquid  and  of  the  projectile  for  the  most  general  law  of  distrihution  of 
velocity  in  the  liquid,  when 

«  =  xf  (t)  +  <p  (l) 

and 

^=T'  (91.29) 

where  a  =  const. 

For  the  detona,tion  products,  as  usual,  we  taka 

a  =  x+(0.  P==T-  (91.30) 

The  Law  of  Conservation  of  iloas  for  the  explosion  products  and  for  the 
liquid  will  respectively  have  the  form 


m  =  J  ifdx~j  J  c/x  =  «H^  =  oxj,tWi 

II  A 

(91. 31) 

u 

n,f 

/»  “*  /• 

J  pdx^~  J  dx=l(n,-Ug,)  =  u(Xo-Xg,)/(()- 

“a'  “a,* 

(91,  52) 

Here  Ug,  and  Xg,  -  are  the  velocity  and  position  of  the  boundary  of  separation 
between  the  explosion  products  and  the  liquid,  «o  and  ■  xq  ,  are  the  velocity 
and  position  of  the  projectile. 

As  a  result  of  this,  tiio  relationship 


is  fulfilled  ,  whence 


(0  =  Xg,/(t)  4-  cp  (t), 


?(<) 


y(0l(0 


Since  f*Or  t-^OO  nnd  X^s=su  f  -I4.4..JJ-  j-t-. 

—  -  ^  - -  .*.-****  MlULi 

+  (0  =  |.  <p(0  =  «*(i-^/(<)). 

Thus,  for  the  exnloslon  ■nroriiTn-t-a 


(92^34) 


m  =  a. 


~  * 


(91.35) 


For  the  licjaid 


|i  =  a  (a-„  —  X,r)/(t), 


(91.33) 


U  -  -V/W +«.«  [  1  +/(0  lx  -  uj]. 


(91,37) 


V/e  now  write  the  Lav/  of  Coiaservation  of  Energy  ■ 

nic  j  fliD'*  \  F  1  'r  -  .  ,  ,  Mul 

“■  1)  ~~1  J  '^•*  +  ■2  ,/  ^•’^  +  “2" 

0  u_( 

m 

The  last  term  in  the  right  hand  portion  takes  into  accotant  the  kinetic 
energy  of  the  projeotilej  the  left  hand  portion  deteiminea  the  initial 
enerw  of  the  explosive  charge.  ’i7e  shall  neglect  the  potential  energy.  Since 

a  J  pdx'^Yt  then  the  integral  Jp*rfx — 


for 


0  0 
«o<  _  “»• 

J  fju^dx^^  f  l/(t)(x-flJ)+U:,]^dX  = 
V  ' 


If  v/e  introduce  0=[{t)t,  ,  then  the  latter  relationship  assamea  the  form 

Uj 

1  /•-,  . 

2  ./  = 

=  y  {C“(«o  +  Kcaj;  +  «l)  +3Ma,(l  —0)  (0(«o+»a).4-(l  ~(l)ll,„]j. 

Hiua,  tile  energy  balance  is 


—  (fti  — ~  ~6^  T  ^  +  +  +■ 

A/f  a 

+  3u»(l — 0)[O(wo +  ««)  +  (! — 0)u3i]}H — (9IU59) 
Since  it  follows  from  (91.32)  that 

then  it  can  be  assumed,  within  liio  limit,  that  f(t)  =•]•  or  that  e==l  and 


(91.40) 


As  a  result  of  this,  for  the  liquid  and  also  for  the  ejqplosion  pitsduots 


=  (91.4-1) 

u  =  «„  =  «(=.  const  (which  oorre^onda  to 


If  for  all  masses  of  liquid 
the  oaae  '  fl  0  ) ,  then 


'”^=“'1 - 2 - •  (91.42) 

Relationships  (91.40)  and  (91,42)  are  determinate.  Ecom  (91.42)  we  deterndno 
the  liraitinE  velocity  which  the  projectile  acquires  s 


'/f 


y  -j  +  i^  +  M  (91.43) 

In  the  other  limiting;  case  (91.40),  it  is  first  neoessexy  to  find  the  relation- 
sMp  betvreen  u«  and  uo  aod  then  .to  determine  the  velocity  u,  ;  it  is 


obvious  that 


•Xo  Jtg _ «0  —  »» _ X  Po)* 

^09  ^ 


xai  «»  I  ’  (91.44) 

^yhere  po  is  the  initial  densily  of  the  explosive  and  ^  is  the  density  of 
the  liquid.  Thus, 


a.  n  m 


As  a  result  of  this,'  relationship  (91.40)  assumes  the  form. 


•  _  m  tfrt  ^^5/,  ,  *  ,  ’  \  ,  -*^'**0 


(91.46) 


vnence 


or 


r  ■311+ a] 


2mQ 


•  3iTT^»+3(r^f(' +“)’+<'+“)+ 


M«=(l+“>)|/^ 


2^ 


-  +  >»(’ +“  +  -^j  +  jM(l  +  «i)«  (91,47) 

For  Ko  =  a«,  M=0  relationship  (91,47)  transforms  into  relationship  (91.45), 
We  note  that  the  law  P  •=  7  >  where,  a  =,  const,  is  fulfilled  only  for  ft  «»  3  , 
However,  if  >  1  ,  ihen  -Uiio  law  is  satisfactorily  fulfilled  also  for 

olher  values  of  A.  . 

It  is  of  interest  to  calculate  the  momentum  of  the  explosion  products, 
of  -the  liquid  and  of  the  projectile.  Iho  total  momentum  is  determined  from  -the 
relationship 


Obviously, 


or 


/=J  pudx-j-  JJudx-^Muo. 

V  _  «.<■ 

;«^y  xdx-i-Y  f  i'«/(0  +  a.(l-/(^)0]<^je  +  ^f«a  = 

— /(^)0j  -H-zWa,. 


(91.43) 


2 


ir  6  =  0,  -then 


If  9=1,  then 


■/=^  +  (p  +  /W)«o. 
/='^4-^(«»-^»o)-t-Afao. 


(91.49). 
(91.50} 
(91. 51) 


v/hioh  gives,  after  substi-tution  of  “10  —  7^^ 


/  =  +  (91o52) 

Subs ti-tii tins  here  -'die  veaue  of  uo,  from  (91,47)  ,  vre  finally  arrive' at  the 
relationship  _____ 


Similarly^  for  tiie  ease  3  =  0  (when  o  =  0)  also)  ^  we  have 


(91.  54) 


-  +  n  +  Af 

The  relationships  dorivod  here  give  a  quite  aocurato  result  for  determining 
both  the  velocities  and  momentum  of  the  system  eoiplosion  products  -  liqjiid  - 
projectile,  Hovrever,  for  convenience  of  oaloulation  ii  is  more  convenient  to 
introduce  the- detonation  velocity  ,  Z)  =  4V^Q.' in  place  of  Q  ^  end  “ 

•  P4  /» 

in  place  of  (d;  then  relationship  (91,  ti?)  aaaunss  'the  foKi 


Pi  m 


u 


X 


(jLJtV' 

+  ~ 

p,  m  3 

1  <>.  «/  J 

m 

(91.  55) 

n) 

If  the  velocity  of  the  total  mass  of  liquid  is  uniform,  then 

««.  _  J.  r  'i 

^  4  Tj/  1  u-t-M' 

f  ■3+“-  _  (91.65) 

Let  us  examine  the  essential  difference  be-fc\7een  these  two  relationships. 

For  a==0  both  expressions  (91,55)  and  (91,56)  are,  of  course,  in  agreement, 
For  n->oo  (91,56)  and  (91,56)  give  respectively 


2m 


=  -,.0  i?l— li/ 

D  4  y  1*  ^’  D~Ty 

If  Pi  =  po  and  m==fi  =  M.,  we  obtain  respectively 


■  0. 


Up  _  1 
O  ~  1 


_ Il/'l  ifl-ln/'fi 

+  l  +  ,+^  +  4  Z)  -4F  7- 

In  tills  case  the  ratio  of  the  velocities  of  the  projectile  is  equal  to 


r  1  -  • 

i,2  ,  ±r.  L)  s=  bUUO  B/seo,  ‘then  tha  difference  sjrounta  to 

0,2  n/aec  =  400  nj/sec.  It  is  quite  sicnificant.  However,  for 

fi  +  M  >  2/n  ,  for  excai^ile  for  fi  +  AJ  =  3m  ,  it  does  i»t  exceed  100  n/ sec  and  it 
can  "bo  neglected. 

Since  for  the  relationsMpa  ai  stated,  when  n  «=>  2  (t*  +  Af)  ,  tlie  velocity 
of  ejection  of  tha  liquid  ant^f  -tiie  projectile  does  not  exceed  2000  r/seo, 
and  the  limiting  velocity  of  ejection  of  liquid  oon^aressed  by  a  detona'..ion 
pressure  around  2600  -  5000  Ev^soci  then  relationsliip  (91,55),  in  which  the 
distribution  of  velocity  with  respect  to  tlio  coordiiiate  is  taken  into  account, 
is  more  reliable, 

For  n-f-/W<  y,  it  may  bo  assumed  that  iii  tlio  liquid  the  velocity  is 
cveiyy/hero  constant  and  equal  ,  to  ua\  then  relatioasliip  (£1»56)  should  bo  used. 

However,  the  difference  will  not  be  too  coaisiclerablo  in  calculations, 
asm  have  shorn 

§  92,  Propacatlon  of  Waves  in  Solids. 

The  tlioory  of  propagation  of  v/eak  v/aves,  longitudinal  anti  transverse, 
in  solids  has  been  quite  fully  developed,  l-Ibraovor  the  numerous  ajqjcrinont-C. 
data  oonceming  the  behaviour  of  solids  for  relatively  small  dynamio  and  static 
stresses  are  accurate. 

The  study  of  the  behavour  of  solids  for  the  large  stresses  v/lid.ch  arise 
as  a  result  of  explosions  has  been  lirL tinted  only  relattsuly  recently,  and  in 
this  sphere  our  daui,  both  Iheoretioal  end  practical,  ai*e  still  ves^--  inadequate. 

We  shall  endeavour  to  develops  here  and  investigate  more  deeply  certain 
well-known  results  of  tlie  tlioory  of  propagation  of  strong  (non-linear)  waves 
in  solids,  originating  as  a  romilt  of  largo,  rapicUy  fluctuating  ciqilosave  or 


otl'.isr  istrcasea. 

In  contrast  from  a  liquid,  v/kLoh,  after  the  relief  of  any  praotienlly 
attainable  stress,  returns  to  the  initial  state  sucli  that  only  the  teurpcra-ture  ■ 
of  tlie  final  state  moy  differ  somewhat  from  'Ihe  tcsm^-iorature  of  tiae  initial  state, 
;;olid3  possess  a  ao-callcd  residual  deformation;  in  addition,  the  very  oiystal- 
line  structure  of  the  solid  may  be  changed  or  may  even  disappear  at  sufficiently 
liigh  pressui'ea,  As  a  result  of  tiiis,  the  residual  deformation  resulting  from 
tension  is  usually  greater  -uhan  that  from  compression. 

Even  as  a  result  of  the  propagation  of  weak  vraves  effect  of  residual 
deformation  may  be  considerable.  Dierefore  the  theory  of  proisagation  of  Ts-aves 
in  solids  has  its  diffioultias  con^jared  with  the  tlroorj'-  of  propagation  of  waves 
in  liquids,  however  in  many  caaoa  tlw  low  coiypreosibility  of  colifio  facilitates 
solution  of  the  problem. 

It  is  well-lonovai  that  as  a  result  of  the  action  of  any  force  ai^plied  to 
a  solid,  for  exaD^jlo  a  metal,  a  travelling  defonnation  wave  (stress  wave]) 
originatea  in  it,  depending  upon  the  magnitude  of  this  force  calculated  per 
unit  of  surface,  i,e.  dei^ending  on  the  applied  pressure,  the  wave  >vill  have 
a  different  intensi'ty. 

As  a  result  of  the  reflection  of  waves  from  the  free  surface  of  the  body 
or  by  relieving  the  stress,  new  waves  origj^te  -  stress  relieving  v/aves. 

Nowadays,  in  order  to'  solve  come  of  the  principal  tlieoretical  and  techni¬ 
cal  problems  presented  by  the  neoessi'fe'  of  Im'sstigatirig  the  question  of  the 
action  of  veiy  high  pressures  on  metals  or  other  solids  when  strong  waves 
originate  vrithin  these  solids,  and  when  the  equation  relating  deformation  and 
stress  does  not  obey  Hook's  Law,  The  dependence  of  the  density  of  the  body  on 
the  pressure  or  deformation  as  a  result  of  Uic  stress  only  obeys  Hook's  Law 


for  prGssurea(deforma.iions)  which  are  not  veiy  Fn-r  pressures  of  tens 

ond  hunch  eds  of  tliousands  of  atmospheres  Hook*  s  Lav/  is  quite  applicable.  For 
a  number  of  solids  tlie  slope  of  tl^e  curve  'o=ais)  ic  decreased  in  a  certain 
rei^ion  as  a  result  of  conpressioia, •  For  pressures  of  'iiic  order  of  niillions  of 
atmotqGhares  a  solid  body  actually  becomes  quasi-liquid  and  oven 
in  tlus  region  of  pressure  p  ~  p”  >  ^vhere  .  n  is  the  index  of  polytropy; 
vrithin  tho  limit  tliis  index,  for  still  greater  pressures,  tends  to  a  value  of 
(Fig.  246).  If  the  laivs  of  propagation  of  v/eak  deformation  have  been 
well  investigated  v/ithin  the  limits  of  applicability  of  Hook’  a  Law,  tixen  tliC 
laws  of  propagation  of  strong  waves  of  stress  and  stress  relief,'  when  the  body 
is  in  a  plastic  state  and  it  is  necessary  to  take  into  consideration  the  eoa- 
pressibility  of  the  material  of  which  tho  body  consists,'  have  been  studied  in 
insufficient  detail  and  reliabHiiy. 

As  a  result  of  tho  detonation  of  high  explosives  near  the  surface  of  any 
solid  obstacle  pressures  are  developed  whioli  are  capable  of  severely  deforming 
a  certain  volume  of  the  material  of  v/hioh  the  obstacle  is  coaposed*  As  a  result 

4 

of  this,  a  powerfbl  conpression  v/ave  passes  through  iiie  material  of  the  obstacle 
in  the  initial  stage  (a  loading  stress  wave).  Since  the  pressure  of  tho  explosion 
products  falls  rapidly  with  time,  a  rarefaction  v/ave  passes  through  the  material 
of  the  obstacle  (relief  wave). 

Fipure  246.  Dependence  of  Index  of  Polytropy  on  pressure,’  for  a  solid 


and  a  gas  (system). 


y%<-kV«k**<n 
S^V^A  llM•^S^^^<k 


ti'iC  r-i‘o'olOiu  Ox  uiii:>”ui.'i;e!iiaioxuu.  stress-ioaciins  and 


relief  of  ..atcriel  of  the  obstacle, 

Bio  basic  ecjuations,  toid-ii^  into  account  the  change  in  density  of  the 
material  of  the  obstacle,  have  the  follovdri"  v/oll-loioTm  form  in  Lajjran^e 
coordinates  : 

ii  .  ^_n  d-x 

'  dh  dt  •  ^~W'  (92,1) 

v/here  ;*  is  tlie  velocity,  p  is  t5ic  pressure  and  v,  is  the  specific  volume. 


A  =  J  po  dX(,  ==  j  ?cix,  (  92, 2) 

0  0 

where  A  ig  tlig  mass  of  tlie  obstacle  material  (La^onie  coordinates) , 
po  and  p  are  the  initial  and  transient  density  of  .the  material,  xo ,  and  x  are 
the  Lacranee  and  transient  coordinates,  aiid  t  is  tlie  time. 

The  pressure  and  specific  volume  should  be  connected  by  the  relation¬ 
ship  (equation  of  state) 

P=P(vy,  (92,5) 

for  this,  it  is  assumed'  that  the  entropy  is  alvfcys  constant,  since  in  solids 
and  liquids  for  pressures  around  10®  kg/cra^  the  entropy  changes  but  little 
in  practice,  even  in  shook  ivaves. 

It  is  usual  to  introduce  into  the  theory  of  elasticity  and  plasticity 
the  tension 


o  =  ~p 

in  place  of  p  ,and  for  v  the  deformation 

f  —  ^-^0^  Po  _  , 

t;  p 

Bius,  equations  (92,  l)  and  (92, 2)  assume  the  fom 

du  _ ^  du  _  13,  dx 

>  dt  ~  dh  ’  Ik  IT  ’ 


(93,4.) 

(92.  o) 
(92.  3) 


j^iuV/  uiiO  j. 


a  — 0(e).  (2i2o7) 

S’irst  of  all  we  slaall  find  the  pai'ticiilar  solutions  of  these  equations. 

Assurdn"  that  u  =  u(p;  or  that  «  =  «(o)  ,  v/e  arrive  at  tl.c  following  relation¬ 
ships  defining  pcjrtic'ular  solutions 

+  dti  =  V-dpdv^/''-^clv,  (92.8) 

or 

If  the  relationsliip  hetiveen  p  and  v  or  a  and  s  bo  given  app.roid.- 
iratcly  by  tlio  expression 


p  —  Po=A(v—ci)' 


(92,10) 


or 


«,-Co  =  S(E-eo)-  , 

where  k,  A,  po,  oo,  eo  and  B  are  constants,  then  it  is  easy  to  find  the 
general  solutions  of  the  basic  ei^iatioiis,-  Eiese  solutions  have  tlie  imst 
siiTOlo  form  if  k=~^  ,  where  rt  =  — 1,  0,  I,  2,  ...,oo  ,  Por  tlio 

puipose  of  obtaining  a  practical  solution  to  tlio  series  of  problems,  it  is 
sufficient  to  choose  n  —  — 1  ,  then  A  = — 1  (for  pressures  up  to  10,000 
in  the  CBise  of  raotals,  ai'.d 

p—Po-=A(,v  —  v.),  0  — (j„  =  5(6  — So),  (92,12) 

^vhich  gives  Hook’s  Lay.',  Por  rt  =  0',  ^  =  3  and 

P  —  P<t=A(p^—a)~\  0  — 5^  — 5(e  — Eo)"’,  (92.13) 

\7iiich  establishes  tlio  relationship  betoeen  tlie  tensions  and  the  defonnations 
at  hiclTi(up  to  10®  kg/cm^)  pressures,  acting  on  metallic  or  "rock"  obstacles, 
ViTe  shall  fiJid  first  of  all  tlio  general  solutions  foi'  an  approximation 
of  the  equation  of  state  (92. 10),  Since 


?  s 


dp  <)p  _ _ ^ 

~Oli  dv  dh  (v  —  a) 


,*+• 


(02.  K-) 


by  rsvoi-=i-.i3  e-.o  dcy^i'-dK-t  a>d  indejcnaent  variables  to  equation  (S2.i) 


v;c  arrivr  at  ‘the  ecjua-ionc 


V/g  nov;  iivtro&uce 


dh 

M  -dt 

dt 

_ dfi 

dv  (v  - 

-  da  ’ 

dv 

du 

" effective" 

velocity 

of 

oourn 

(92.15) 


if-i 
—  0  \  2 


T*iere 


aier 

re 


=  Ci  =  ^^ViPi-Po)('Oi-o-)>  (92.16) 

.'c  i'i.  Pi.  Ci  ,  and  <.i  are  tlie  initial  values  of  v,  p,  c  ,  and  co  .As  a 
Gsult,  the  equations  iii  (92.15)  assunc  the  j-orc’. 


du 

d<*i 


k-l  dt 


k  —  \ 


/  u  \*-i  at  _ « 


dll  ,  ft  —  1  „  “  V-J  w  ft 

du  2  *v«i  /  du  ’ 


k^l 

ft — 1  -  /  “  v 


(92.17) 


•.•vi-iere'  Pi  is  the  initial  densi-t^.'. 

Hence,  “by  elii:drntii;;S  h  ,  we  arrive  at  tluc  equation  doterrsnins  t  : 

/  fe  _  1  \t  r  ,  ft  + 1  I  ^  t 

(-^)  la5i’“'‘ft^“  (92.13)  ,, 

:iie  solution  of  this  ecuation  in  tlie  case  v/hen  n  =  —l,  0, 

x,2, . .  n  is,  as  is  well-lciov/n  (see  perewOo)  : 

t  ^  [f ,  (/2  (2rt  + 1 )  r  +  u.)+F,  (/2  (2/1  +  1 )  *  -  u)].  (92.19) 

■'•'here  i*  —  is  the  effective  enthalpy.  and  fz-are  arbitrary  functions. 

ICnovdnc  tliat  f  =  f(t*:  u)  =  i(a):  «)  ,  we  determine  A  =h(ui-,u) 

from  (92.17),  \7hich  also  solves  the  prohlcir.  of  findinc  the  senersl  soluoio-.s 


Best  Available  Copy 


of  tho  system  (92, l). 

In  trio  case  vriien  «==—!,  k  =  —\ 


t—Fi{<o+ii)-\-Fi{u>—u), 

[Fi(io  -'ru)  —  Fi{u>  —  u)], 


v/iiercupon 


t/— a  V — a  .  r-, — -  - -  ,  , 

“*  =  <“!  =  ^^?:riV(/’i-/’o)(^^i-«)■ 

Kenoe.^t  io  easy  to  find 

u)  =  <1*,  (A  +  PiC it)  -f  <I>i.  {h—pidt),  I  ' 

v/nere  fDi  .xnd  rire  nevr  arTaitrary  functions. 

In  tliG  case  when  n  =  0.  fe  =  3 

t  ~  (''' +  “)  +  ^ 


dh 


v/l^weupor 


V  —  a 


/  U  _  PjCjU 

du‘-  ^0' 

v^iPi-hwr-iT). 


(92,  20) 


(02.21) 


(92,22) 


(£2,2S) 


(92. 24) 


■Vj  (U  — a) 

Similar  special  end  general  solutions  can  also  "be  found  in  the  case  vriien  tlae 
■basic  equations  are  expressed  in  Euler  coordinates. 

Wo  sliall  shov/  first  of  all  that  tho  transition  from  one  sot  of  coordi¬ 
nates  to  anotlier  can  easily  be  carried  out,  Icnov/ing  that  u  =  ,  hence 

by  the  well-knoivn  ejq7X‘QSEion  u  —  u{t,k)  >’  it  is  easy  to  find  on  integi'atiiic; 
tliat  x  —  x{t,h)  and  to  determine 

u  =  u(t,x),  <ii  =  u)(t,x)-  (92,25) 

E<^aation  (92, l),  in  Euler  coordinates,  ivill  have  tlie  foixi 


du  ,  du  .  I  dp  r\ 

-3t+"o7-^T-dx-^’ 


dlnp  ,  cUnp  ,  Oti 


OJf  '  d-'  ’ 


(92, 2G; 


./‘/7 


05.’ 


On  .  _  e  -f-  1  da  j 

~0t  Ox  Pa  Sx  ’  i 

=  +  j  (02.27) 


As  a  result  Ox  tills  tlac  special  solution  ivill  lie 


x—(iizr:c)  t-\-F{u), 
dll  =  j/ —  dp  dv. 


where 


is  the  velocity’'  of  sound,  or 


(92:,  20) 


V  fa  Y  fadt  '  J 

v;hereupon. 

The  general  solutions  have  tlac  form  of  eejuation  (92.19)  }  tliua, 


(92. 29) 


where 


(92,20) 


^=^.[F,(y2(2ni-i)r+u)+Fi(ym^r^hT)r-‘i)l  ■  (92.31) 

The  relationsliip  hoti/een  j; .  aJid  A.  can  again  Ic  roiuiu  from  'iilae  relationship 
u-=a^^'j  hy  integrating  it  for  the  specified  initial  c;  ' ’.ons. 


Conoerninr:  Cortgan  l'otion.g  of  J.fa.teri."Jl ,  as  a  result  of  Stress  Loading 
anid  Stress  Reliei'in.'T.  Suppose  that  a  column  of  material  be  exposed  to  a 
stress  ;  as  a  i’esult  of  this  a  siinple  wave  passes  through  it,  described  by 
the.  special  solution  of  the  basic  equations,  Pirst  of  all  we  shall  assume  ‘bliat 
the  extension  of  the  coluiun  is  unlindted,  then  we  sliall  censtuer  tl’^c  end  of 
the  column  and  rre  shall  stud;r  tlie  reflection  of  the  simple  wave  from  its  end. 


If*  tlic  Siiiinlc  v:ave  f;oes  fror;  loft  to  riffit,  tt*cn  vrj  ojrrivc  o.t  t'-:c  so?Lution 

A  =  _/'_|£i4.F(p),  du=-}f^-dv. 

Iciovrini  for  //  =  0(xo  =  0)  tlie  Ic:;/  of  Ji^plicrfoility  of  the  force  P==/(0 
or  t  =  <9{p),  ,  v/e  dcteiT/ine  F {p)  ^ ^  ,  v/hcre  v^v{p)  . 


dran,  tl^e  solution  tolces  .tiic  form 


<•=- / 1/"- 


(92.  33) 


Por  tl'.c  cc;;jation  of  state 


p  —  Po  =  A(v  —  u)-’‘, 


-  <=  M  (V  -  =  M  (£^)' 


caid  the  solution  of  (92,53)  csai  "be  V/Titten  in  trie  fora 


2  i/'  1 

**“•7=7^  const, 

(P  —  Po)'^  — 


(92.54-) 


(92*  S5) 


Since  for  p  =  p,  ,  u  =  0  #  v.-hcre  /?»  is  the  initio!  pressure  in  tlic  material, 


u^jirrV  /iA>‘  Up-Po)^'^  -(P.-Po)  ]• 


(92.  5G) 


Let  us  consider  tlie  case  of  application  of  an  e:^losivo  stress,  i,  c.  v/e 
shall  asBumo  that  a  3tros3(pro33Ui‘’o)  is  applied  iromentarily  to  tlio  mtorial 
of'  the  obstsLOlo  and  that  it  1b  gna&ially  pei'»ve^4 

It  is  ^7ftTi~tor>ri?iyt  froa  theoiy  and  from  eogeriments  that  rs  cm  ascussa. 


vdth  &  hirh  do^roo  of  aeouracor,  that 

£ 

P=y 

v:here  B  =  const,  /■  =  const  ,  '.>?hich  gives 


(92.57) 


9(P)  =  ^=^. 

P'' 


(92. 53) 


Mcnco,  tile  Golution  of  the  r-iveii  problem  for  very  hi^i  pressures  in  the  medium 
'.vhei'c  ^-^<0  t  ’'^11  tiio  form 


Y 


(92, 59) 


Q 

Since  at  the  boundary  rf or  u  >■  0  p  =  — ,  ,  then 

“=^  =  r?T^ (^-Po)'^-(P.-Po)'^-  •  (92.40) 

Hence, 

x  =  — (/’‘-/'o)“  ]ri^  +  const.  (92.4-1) 

end  tile  constant  is  determined  from  the  condition  that  for  r  =*  0  ,  r  =  ■:  , 


i.  c,  notion  corniences  at  /  =  t .  viien 


;,=Pi=_, 


(92.42) 


It  is  obvious  tiiat  initially  x  increases,  then  for  the  condition  that 
« =  0,  i.  e.  for  the  condition  that  p^Da  , 


AT  Po — P*  Po 


and  the  value  of  x  begins  to  decrease.  For  ^  =  /i 


(92.  43) 


■*  P°)  C/'x  Po)^(.il—t)  .  (9044) 

'.Te  Ghall  noiv  calculate  the  impulse  which  is  imparted  to  the  medium  ;  obviously 


this  inroulse  is  determined  by  the  relationship 


S'i'b 


(92.4-5} 


/■ 


For  t—ti 


i^Sj  '■  “  —  t  ‘'J. 

T 

I _ ££  r.»-r  _  fi-'-i—  fi 


(92. 46} 


A  definite  relationship  exists  ‘bet'.Yeen  and  . 

For  lai'ce  iiiitial  pressures  the  vaJue  of  po  is  unii.iportant,  tlierefore 


“«  k  —  l 


kA'‘ 


\-U 

*-i  1  - 

’a  \  ~7 

L  u 

’i/ 

A/’iV  .  ^i. 


Hero  v/e  shall  assume  that  the  quantily  —  l  ¥- 0 

contrary  case  the  dependence  of  x  on  t  vri.ll  be  lofiarithTrio, 


(92.47) 

In  the 


Farther,  the  quantity  can-  be  neclected,  and  so  finally 


.=  *^1-/ ma^- - £ 


SB 


‘mtx  ■ 


(/•-])  t 


Hence, 

XmuTL^>  (92,43) 

i.  e,  we  arrive  at  the  fundamont-al  conclusion  that  the  magnitude  of  the  co:.'.pre3- 
sion  is  proportional  to  the  rnacnitude  of  the  maximum  iiiipij.se  of  the  conprossion 
If  the  stress  loading  wave  paasing  through  the  body  is  reflected  from  a 

f 

more  rigid  obstacle,  then  the  reflected  wave  proceeds  to  the  left  and,  on 
reacliing  the  end  where  the  load  was  previously  applied,  it  is  reflected  from 


g'S'/ 


this  encw  If  tlierc  is  iiov;  no  loc.d,  then  cavitation  plieiionena  nvjy  be  observed 
in  tlic  r.iaterial,  as  a  consequence  pf  t!ie  tensile  stresses  arising  as  a  result 
of  triis.  If  tlic  load  still  renei.no,  then  these  pherjonena  v/ill  be  weakened  or 
vdll  not'be  observed  ..o  all. 


As  a  result  of  the  action  of  an  explosive  loading,  shattering  of  the 
nateri?JL  sliould  be  observed  in  the  process  of  its  coirprcssion;  it  can  be 
assured  tleat  trie  greater  tie  ii.rpxilse  loading  the  stroiiger  are  these  slmttering 
effects,  A  partial  but  nevertheless  strong  i-cflection  of  the  coiroression  \rave 
v.'ill  also  occur  fl'or.  tlic  bouniary  of  destruction 

Eie.  rarefaction  v/ave,  ,for»ned  on  arrival  of  tlie  reflected  conpression 


v;ave  at  tiic  open  ena,  vriLll  contribute  to  the  ejection  of  sliattorcd  particles 
of  u;e  uedi'ar.  If  tlio  load  be  reroved  slov/ly,  t^'.en  thi-s  ejection  vdll  not  be 
intense.  On  rapid  reirovcl  cf  the  load,  on  t2ic  centrar^b  the  v/holc  of  the  sliat- 
tered  region  nay  bo  scoured  of  fragnenta  of  -Jiic  r-efivea 

I 

Ihus,  as  a  result  of  an  explosion  in  air,  despite  tiie  fact  tha.t  the 
irpulse  is  less  than  for  cn  explosion  v/itla  an  aqueous  "ran”,  the  overall  depth 
of  the  depression  in  the  aeciiun  niay  be  larger  than  for.  an  explosion  in  water. 


§  93,  Sleiiients  of  tlae  Iheory  of  an  Explosion 
in  the  Ground. 


Iho  study  of  the  propagation  of  the  explosion  p-roducts  aaid  of  tlic  sliock 
wave  in  the  ground  is  an  important  tlieoretical  and  practical  problejc.  The 
conditions  of  propagation  of  the  ei^losion  products  in  the  ground,  despite 
the  iact  that  from  a  density  point  of  vie\7  earth  differs  but  little  from  v/ater 


or  any  other  liquid,  differs  sharply  from  the  propagation  of  explosion  pro¬ 
ducts  in  liquid  media.  This  is  associated  vd.th  the  porosity  (discreteness)  of 


the  {ground. 


Actualli'’,  as  a  result  of  cor.pression  of  tlio  eartl'.  adlieoion  of  the 
incLivl'ual  particles  talces  place  at  first,  v;hh.ch  increases  tl;c  oullc  density, 
a;:d  then  later  at  still  hJ.f^‘.cr  pressu'/..  the  .:.cr..  ' 

of  v/liic-:  ti'.c  ground  is  co'..-posec<,  d..v..se  tlio  pcrosi-c^'-  of  tl;e  ^'rsund  is  consider¬ 
able,  then  in  ground  saturated  v/ith  water  ,  the  cor.Tsression,  as  a  consequence 
of  particle  adhesion  r*iay  he  considerahly  greater  than  the  normal  adiabatic 
cor^pression. 


Also,  oust  as  for  an  explosion  in  a  liquid,  tiie  zone  of  significant 
adiabatic  cosraression  of  the  ground  is  extremely  small,  and  for  an  ejqplosion 
in  an  unconfined  medium  it  does  not  exceed  8  -  1C  tiiiies  the  initial  volume 
of  the  explosive  as  a  consequence  of  the  rapid  drop  in  pressure  of  the  explo¬ 
sion  products. 


Cor.pre scion  of  the  ground,  occurring  as  a  result  of  cliroination  of  its 
porosity,  takes  place  even  at  relatively  small  pressures,  of  the  order  of 
hundreds  ox  atmospheres  \,for  typical  soils)  and  consequently  involves  a 
considerably  larger  zone,  of  the  order  of  several  hundreds  of  times  the 
inttial  volume  of  esrolosive. 

Thus,  at  distances  of  tw-  three  charge  radii  (taking  the  explosive 


charge  as  a  sphere),  vdiere  the  adiabatic  compression  of  tiic  ground  is  negli¬ 
gible,  up  to  a  distance  of  7  -  8  charge  radii  a  strong  change  of  density  will 
be  obaerved  after  the  passage  of  the  shock  vrave.  The  cliange  of  density  will 
be  irreversible  Vner;jas  in  a  liquid  medium  after  relieving  the  pressure,’ 
the  density  of  the  medium  assumes  its  initial  value  .  It’ is  precisely  tliese 
circuiastances,  associated  vdth  compression  of  the  ground,  which  also  make  the 
problem  of  propagation  of  the  explosion  products  in  the  ground,  different  vr.  ,. 

^  Bost  Avsilsbio  Copy 


Id  Its  xoi7  xi.qui.dii9 

\Yc  note  also  -tliat  for  an  explosion  in  tho  gromid  a  cousidero’Dlo  pari 
of  tlio  explosion  eneriy  is  ejrpended  irreversibly  on  cmsMng  iho  particles 
of  soil  and  on  heat.  Uie  greatest  part  of  the  lost  enercy  v/ill  bo  expended  on 
the  creation  of  irreversible  defonnation  of  the  soil  (in  a  liquid  jnedium  a 
sinilar  fom  of  deformation  is  absent  at  small  pressiU*cs^  but  at  higja  pressures, 
part  of  tlio  energy  goes  into  dissociation).  !Ihc  presence  of  similar,  iri-ever- 
sible  losses  doteriniiaes  to  a  considerable  extent  the  radius  of  the  destruc¬ 
tive  effect  of  an  explosion  in  the  ground, 

Eio  magiiitude  of  tliese  irreversible  energy  losses,  expended  per  unit 
mass  or  volume  of  earth,  depends  on  the  pressure  and  falls  ■wltli  decreasing 
pressure,  For  small  residual  pressures  the  energy  losses  are  insignificant, 
Tjiiich  leads  to  tlio  njossibility  of  formation  of  v.'eal:  compression  v.uvcs,  romitii- 
soent  in  tiieir  nature  of  seismic  ivavos,  Hov;cver,  the  energy  of  seiorjio  v/aves 
is  very  i/uignificont  in  comparison  vd-ih  tlie  i:iitial  explosion  enorjy. 

Let  us  pass  on  to  on  account  of  oertaiii  theoretio{3l  pronciples  of 
propagation  of  an  exqelosion  in  the  ground, 

Ihe  connection  betiroen  the  pressinre  and  the  density  in  the  eonpressod 
products  of  a  ground  ejqplosion  is  ejqeressod  by  tlic  follovriLng  relationsliips  ; 

for  P  <PorltP  —  f>o<  ] 

P>Porn^-f'l-T-\  CS3.1) 

Here,  po  is  the  initial  density  of  the  ground,  pS'is  tl^.o  density  at  a  pressure 
P>  Peril  "tne  critical  pressure  for  r^aich  the  grouiid  ceases  to  bo  porous. 

The  qiiantity  a  is  a  cloaraeteriotio  quantity  depending  on  the  properties 
of  the  ground  and  on  the  pressure,  and  it  can  be  deten.incd  in  tlio  follovin- 


^sV- 


mnrm^r,  I-st  Ly  oi  til©  £.TOUjid  lii  t!x0  natural  state  "bo 

po  and  Icnovaa  to  us  ;  let  tlio  density  (avcrtv^e)  of  tlao  soil  particles  be  pi  o 
Hien  the  auxiliary  quantity  a  is  determined  by  the  obvious  ex^sression 

a  =  -t“- 

Pi , 

for  tlie  condition  that  wo  do  not  assume  adiabatic  corr^pi'easion  of  the  soil 
particles.  In  talcina  into  account  adlabatio  ooir^ression  snd  introducing  the 
coefficient  of  compression  p  ■=  -^  ,  wo  oiTive  at  the  relationship 

Po 

for  detoni’ininc  tiie  value  of  oo ,  • 

Sio  process  of  siioclc  wave  propagation  (corrproBoion  v/avs)  in  the  ground 
as  a  result  of  ejqponsion  of  the  detonation  products  may  bo  represented  as  a 


process  of  propagation  of  the  aone  of  conpresoion  of  tlie  grouiid;  behind  tho 
ijjiook  froi'it  tlio  civuigo  ox’  uiinaity  of  ’liic  co;:?prc'ac;e(i  coil  \dll  uo  of  a  purely 
adiftbatio  nature.  Hio  change  of  entropy  behind  the  sJiodc  front  can  be  neglected 
for  the  reason  that  in  any  dense  medium  the  thermal  component  in  the  equation 
of  state  for  that  medium  is  small  in  compaxlson  rTith  tho  "elastic"  cojrpcnent 
of  the  pressure. 

Iho  parameters  of  the  front  of  the  i:ropagating  shock  vrava  are  deter¬ 
mined  by  tho  well-knovai  relationships  ;  ’  . 


D. 

“  Vo  — Vg  * 

(hr  P'^  Pua) 


(93,2) 


xiere  D  ^  is  the  velocity  of  tho  shock  front,  is  the  particle  velocity 

behind  tlie  shock  front,  Pg  is  tho  pressure  at  tlio  wave  front,  Vg  is  the  amecifac 
volume  at  tho  wave  front  and  Hg  are  tlxe  initial  pressure  and  specific 
volume. 

Kncv.ihg  the  quantity  ao  -  — 

«»  p  8  ■ 


we  can  vn'ite  tliese  relationsliips 


in  the  form 


Pa.  Po~Po^B  ®  —  0  — “)^0' 


v/henco  it  follOTira  tliat 


(93.5) 

(93.4)' 


Ne&Lecting  the  adiabatio  compression  of  the  particles  of  eai'th  in  ccr.- 
parison  T/ith  the  ooapressioii  for  eliminating  its  porosity,  a  theory  oan  be 
postulated  oonoemina  the  propagation  of  shodc  waves  in  the  groimd»  We  shall 
consider  the  propagation  of  a  shock  wave  in  an  infinite  nodium. 

For  this  puipiose  vre  must  integrate  the  basic  hydrodynamic  equations 


Ufri-UU^-h-y^O,  j 

l>*4---*Pr  +  P«r  +  ^=-0,  I 

for  both  the  expanding  explosion  products  and  the'  medium  in  vrliLch  they  are 
propagating. 

At  the  boundary  of  separation  betoeeu  the  explosion  products,  and  the 

medium,  the  follcwing  boundary  conditions  obviously  apply  in  the  first  phase 

of  propagation  of  the  explosion  products 

P2  =  Pi.  )  (93.6) 

dr  f 

=  j 

v/here  pj  is  the  pressure  in  the  explosion  products,  pi  is  the  pressure,  in 
the  ground,  ■  is  the  velocity  in  the  explosion  products  and  u,  is  the  velo¬ 
city  in  the  ground. 

At  the  shook  front,  v/hich  in  the  vicinity  of  the  explosion  soiurca  may 
be  assumed  to  be  strong  and  therefore  po  oan  be  neglected  in  conparison  with 
the  pressure. Pa  ,  the  follaving  conditions  vd.ll  be  attained 

«»=Ci-“)'Da.  <s3.7) 

As  a  result  of  the  expansion  of  the  detonation  products  and  since  the 

.. 


procesa.  oi'  compreasion  of  the  ground  association  v-sith  the  elimination  of  its 
porosity  is  practically  irreversihlo,  tlic  position  may  iiltimatsly  he  reached 
V'heii  at  tlie  boundary  of  separation  between  the  detonation  products  and  the 
groimd,  the  pressure  is  quite  smnll  and  further  motion  of  the  ground  u'ill  be 
inertial;  as  a  result  of  tliis,  the  limiting  conditions  of  equation  (93«6)  will 
fi  ally  be  formally  achieved,  but  they  will  no  longer  be  taJcen  into  conoideration. 

In  consequence  of  the  fact  tliat  the  mass  of  earth  set  into  motion  behind 
the  shock  front  very  rapidly  baginc  to  emceed  the  mass  of  the  explosion  prc- 
diicts,  the  follov;ing  simplified  concept  of  the  expansion  of  the  detonation  pro¬ 
ducts  can  be  applied.  First  of  all,  it  can  be  assumed  that  the  detonation  took 
place  ikaitantaneousxy  and  consequently  v.e  can  consider  the  e;':pxasion  of  the  gas, 
as  if  at  rest  prior  to  .  h.mencemant  of  e2.pai'^ioa  xid  occupying  a  volume  equal 
to  the  initial  volume  of  the  eccplosive,  and  secondly  it  can  be  assumed  that  at 
the  boimdary  of  sepai'ation  between  thie  detonation  pi’oduots  and  the  ground,  the 
condition 

9.  =  9,xpl{~)> 

is  fulfilled  for  the  detonation  products,  \/herc  "the  initial,  density 

of  the  explosive,  ro-  is  the  radius  of  the  explosive  ohargo,  r’  is  the  present 
distance  of  the  boundary  of  separation.  Relationship  (SS.8)  follows  from  the 
Lavi’  of  Conservation  of  Ivlass.  Since  expansion  of  the  explosion  products  is  ison- 
tropis,  we  obtain  from  this  relationship  for  the  pressure  at  the  boundary  of 
separation 

■  £c=(Il-  1*  — /'iiV* 

Pi  \p.^i)  \r)  •  (9S.9) 

.  —mp  ^ 

vaiere  p.  =  —^ —  is  the  initial  pressure  of  the  detonation  products  and  Z?  is 

the  velocity  of  the  detonation  mve. 

If  \7Q  suppose  further  that  the  ground,  after  elimination  of  its  porosity, 


is  irxoompressi'ble,  vie  are  able  to  integrate  iDEnediately  the  system  of  equatioiis 
in  (95.5),  The  solution  vri.ll  have  the  form 


ur^=f(t),  1 

/>  —  9  (0  _  ^ I 

fl  r  \ 


(95.10) 


The  genoral  solution  of  (95.10)  depends  on  the  two  arbiti'ary  fuivctions 


/(/)  and  9(0  ;  these  arbitrary  functions  can  be  determined  from  the  con¬ 
dition  .  at  the  boundary  of  separation  (93.6)  end  at  the  shock  front  (S5,7). 

Since  “  =  '‘^he  boundary  of  separation,  then  by  tran3forT.iing 

the  solution  (93.10)  and  talcing  into  consideration  that  !  =  r^‘r,  f  =  rVH- 2//-’, 
vra  have 


(93.11) 


Substituting  the  value  of  the  pressure  at  the  boundary  of  separatl-on  froii 
(95,9),  we  finally  arrive  at  the  following  equation  determining  the  law  of  motion 
of  the  boundary  of  separation  : 

dr  r  [  r  )  P/o  ‘  (95,12) 


This  equation  could  be  integrated  if  vie  know  the  fom  of  the  arbitrary  function 
9  =  9(/)  *  however,  it  can  be  confirmed  in  advance  that  since  the  process  of 
ocnpression  of  the  ground,  associated  v/ith  the  elimination  of  its  porosity,  is 
irreversible,  then  over  a  period  of  tine  or  with  increase  of  the  distance  tro/- 
vorsed  by  the  bouivdary  of  separation,  this  function  decreases  and,  within  the 
limit  (  for  r->ca)  tends  to  zero. 

\Ye  can  Vtodte  the  solution  of  equation  (93.12)  in  the  form 


(93.15) 


3  (A —  ,,  1-0  ^  /  uj-3 

the  constant  A  is.  detennined  from  the  condition  that  r  =  ro,  m  —  W; 
(Ki  is  the  initial  velocity  of  inotion  of  the  ground). 


Analysis  of  this  solution  sIiOTiES  that  TiriLth.  a  sufficiently  rapid  decsreaae 
of  the  function  o(i)  ,  the  velooity  u  of  the-  "boundary  of  separation  ten^fe  to 
aero  only  for  r-*co  , 

Tne  Dioro  precise  colutiun  to  t^-ie  problem  vm.th  tne  simultaneous  application 
of  both  boundary  conditions,  vrhidh  enables  a  compatible  determination  of  the 
functions  <p{/)  and  /{/)  to  be  given,  is  of  no  insiginiUcence  ,  since  at  large 
distances  tYcm  tne  explosion  point,  as  we  nave  shown,  a  considerable  portioaof 
the  explosion  energy  is  irreversibly  expended  on  heating  up  and  deforming  par¬ 
ticles  of  earth,  and  the  basic  equation  -  namely,  the  equation  defining  the  Lem 
of  Conservation  of  lidmentum  -  ceases  to  be  valid,  since  we  have  not  tsJeen  into 
accowat  the  eppropriato  cUssipatave  foroea  in  it* 

We  shall  continuo  the  solution  of  the  problem  with  the  assujptions  made 
ai.)ove,  anci  v.e  siUiil  cietertauie  ttie  law  of  moti.on  of  tne  snoclc  front,  jj'or  tius 
purpose,  first  of  all  assuming  sinply  that  9(0  vo  shall  determine  the 

form  of  the  arbitrary  function  f(0- 


rne  assumption  tJ:)at  o(/)  •=  0,  ig  quite  valid,  since  this  arbitrary 
function  is  small  in  comparison  with  the  pressure  in  the  vioini'ty  of  the  ejmlo- 
sion  source,  and  it  decreases  sharply  vd.th  increasing  distance. 

Since  then 

Zmdt==dr\ 

iTom  equation  (93.13)  we  have,  for  9(0  “0 


Hence  we  determine 


/2  2  8 

=  u,r^  ■ 


3(A-i)  p; 


where 


;7hich,  oftsr  r  aiiJ  oulviinj  the  eq.uation.,gives  tuie  rorm  of  the  . 

function  • 

We  now  detennine  the  pressure  and  velocity  in  the  shock  wave  zone  propa¬ 
gating  in  the  grcund  : 

Since  at  the  shook  f^nt 


and,  in  addition, 
then,  on  the  basis  of  eq.uatiou  (95*16)  we  have,  for  '‘  =  R 


(93.17) 


^  ^  at  r>’  (95.19) 


Che  non-cozrespondenoe  in  the  fom  of  the  two  equations  ia  es^ained  by 
the  fact  that  we  have  neglected  9(0  '  • 

these  solutions  also  detennine  the  law  of  sootion  of  the  shook  front*  the 
solution  of  either-  one  of  these  equations  oan  be  carried  out  numerioally. 

Before  dealing  with  the  analysis  of  the  results  obtained,  we  shall  con¬ 
sider  the  effect  of  dissipative  forces  leading  to  the  irreversible  energy 
losses.  7e  shall  assume  that  the  magnitude  of  the  irreversible  lost  energy  per 
unit  mass  of  the  material  of  which  the  ground  is  ocanposed  is  proportional  to  the 
energy  density  at  a  given  point  of  the  medium,  i.e.  we  shall  assume  that 


(95*20) 


where  e  is  the  energy  density  per  imit  mass  of  ground,  and  -  6  is  the  propozv- 
tionali  ;y  coefficient*  K*re  ,  we  oan  write-  the  Law  of  Conservation  of  Energy  in 
the  form  r 


E=Eq  —  5  J  e4w*Po  dr, 


(95*21) 


O 


whereupon 


4  3  • 

-TT"'’  Po 


Xhus, 


which  "gives 


dB  oe  dr 


i-m"- 


(93,  22) 

Here  E  primarily  determines  "the  energy  of  motion  of  the  medium,  since 
for  on  adiabatio  process  the  internal  energy  of  tha  slightly-corapressible 
fpround  oan  be  neglected. 

It  is  obvious  tliat  for  a  given  law  of  energy  loss,  "the  kinetic  energy  of 
v/ill  decrease  i'ri.th  increase  of  mass  of  the  movinc  ground, 

For  "the  ul"fcimate  solution  of  "the  problem  concerning  raotion  of  "the  ground 
v;e  shall  effect  one  further  siaplifioation,  which  however  hardly  affects  the^ 
accuracy  of  tha  result  obtained,  namely,  "We  shall  v/rite  the  expression  for  tile 
velooity  of  the  boundary  of  separation  in  "the  form 


k*=-;7  -^0. 


v/here 


A^  =  ur 


Pt 


3(A-1)  Po" 


(95,23) 

i.e.  we  shall  neglect  the  quantity  .  in  expression  (93.15), 

It  is  easy  to  con'vinoe  <  neself  of  the  fact  that  as  a  result  of  this  the 
arbitrary  funotion  of  time  fit)  con  be  v/ritten  os 


whence 


u  =  B 


5^/ 


i 

t” 


(93,  24) 


v.'bei’e 

It  is  not  difficult  to  see  from  this  that  the  law  of  motion  of  the 
■boundary  of  separation  v/111  be  deterr.iined  by  the  relationship 

r=]/~-|- 5  4-const,  (93*25) 

where  the  constant  is  determined  from  the  condition  that  t  —  ':.  for  .  r^ro* 
Ihc  law  of  motion  of  the  shook  front  is  determined  "by  the  relationship 

V (95.26) 
Here  the  constant  is  determined  from  the  condition  that  for  R  =  ra, 

Using  equation  (92.25)  we  find 

On  tlie  other  hand. 


whence 

4-const.  (95.  2S) 

'iVc  obtain  relationship  (93.27)  from  the  formula  determining  tlie  velocity 
of  the  medlvim  arid  equation  (92,26)  from  the  formula  determining  the  pressure,* 
the  lack  of  agreement  betircen  these  two  fomulae,  as  we  assumed  above,'  is 
insignificant,  which  enables  us  to  assume  that  9^0  ”  0, 

Iffe  shall  now  calculate  the  circumstances  sucli  tlaat  the  compression  wave 
v/ill  be  propagated  with  the  velocity  of  sound(in  the  given  medium  )  at 
considerable  distances,  Hie  velocity  of  propagation  of  the  oomprassion  wave 
can  be  vndtton  in  the  forra 

(93,29) 

v;here  ,  '  . 


it  ia  iiuiu  auuurate  thmi  -uiaQ  corresponding  exprossion  in  fonaila  (93,3), 
viier<’  v;e  did  not  take  into  account  the  elastio  properties  of  the  niediura. 

Thus,  the  law  of  inotion  of  the  front  of  the  conpression  wave  vri.ll  he 
espresaed  approxiiiiatcly  oy  the  relationship 

/?==  i/'y  f:— + const.  (93,30) 

It  ia  essential  to  note  that  ttic  length  of  the  shock  wave  or  the  conrpression 
v/ave  increaaea  consiclcrahly  with  distance  at  large  distances  ftoni  the  site  of 
the  explosion.  By  length  of  the  wave  is  understood  tlie  interval  between  the 
wave  front  and  tlio  t  undary'of  s^oration  between  the  wave  and  the  ejqplosion 
products.  The  wave  length 

We  now  note  that  tlie  motion  of  the  shock  wave  has  a  similari-ty  solution 
nature,  as  a  result  of  the  approximation  we  have  made;  the  law  of  motion  of 
the  wave  front  in  the  vicinity  of  the  explosion  source,  ooiTesponds  in  accu¬ 
racy  to  the  law  of  motion  of  the  front  of  a  strong  air  shook  wave  from  a  point 
explosion  source,  the  theory  of  which  was,  in  due  oowse,  developed  by 
L.I,  SYEDOV  end  K.P.SIANYUISDVICIi, 

The  relationships  found  by  us  for  the  velocity  and  pressure  may  be 
finally  presented  in  the  follovring  manner  ; 


a/'* 

■  r»  ’ 


J  <  ’’ 
s'  r 


(93,  32) 


Po  ' 

These  relationships  can  easily  be  intt.rpreted  physioally.  Actually, 
neglecting  adiabatic  conpression  of  the  ground,  having  already  loat  its 


porosity,  it  can  be  assumed  that  ell  tlie  energy  of  the  explosion  is  exoended 
oii  imparting  to  the  ground  kinetic  energy  and  on  its  irreversible  deformation. 
Neglecting  for  the  present  the  enex’gy  losses  on  irreversible  deformation. 


8^3 


IL  is  easy  Uj  Uic  AolloHini;  eiicr^jy  caianoo,  oasecL  on  'ilic  Lav/  of 

Conservation  of  Energy  : 


Mu^ 


(93,  35) 


wnere 


the  mass  of  the  ground. 


Hence,  it  is  obvious  that  tho  average  velocity  of  inotion  of  the  ground 
is  determined  by  tlie  relationship 


2£„ 


(93,54) 


which  cori’osponds  to  formula  (95.25), 

'iTe  now  come  to  the  determination  of  the  momentum  of  the  ground  moving 
behind  the '  shock  front.  For  this  purpose  wo  find  first  of  all  the  relationship 
between  the  energy,  mass  and  momentum  of  the  ground. 

Since  for  any  given  instant  of  tine  the  velocity  of  motion  of  the 
ground  behind  tho  shook  front  is  determined  by  tlio  e:TOreaaion  u  =  , 

and  tho  energy  can  be  found  by  means  of  the  integral 


.then  the  momentum 


n 

Io  =  B^J  4i:po  ~  dr  =  Bt-  4rp,  {R  —  r) 


(93.55) 


(93,56) 


(93.37) 


cdn  be  represented  in  the  form 

2/W£4(l_r), 

In  the  case  of  a  stationary  process,  the  STomentum  is  determined  by 
the  relationship 

/,.,=  l/2Af£^ 

We  denote  tiac  ratio  of  tho  momentum  for  non-stationary  flow  to  the 
rroraentum  for  stationary  i'low  by  e,  then 


y  =  o 


]/ 2Af£-o[l  0]/ 2ME,[^] 


(95,43) 


Ihe  quaiatity  6  charao  tori  sing  the  non-stationaxy  nature  of  the  Eotion  of 

tho  detonation  2^ro5uGts,  can  he  assumed  to  "be  equal  to  0,80  ••  0,85^  in 
accordance  \id.tli  the  results  of  the  theory  of  non-stationary  motion  of  a  gas. 

Ihe  total  Jivomentum  arriving  at  1  cm^  ,  at  a  distance  r  from  tho  site 
of  the  e:(q5losionj  is  determined  hy.  the.  formula 


Anri  [®r*  J'  (93,44) 

2 

In  order  to  determine  the  flow  of  momentum  passing  through  1  cm  of  tlie 
surface  of  a  sphere  of  radius  r,  the  foUovAng  prooedure  can  be  carried  out: 
since  the  momentum  for  a  given  energy  is  proportional  to  the  square  root  of 
the  mass  aet  into  motion^  than  the  quantity  I*  Is  determined  by  the 
relationship 


(93.45) 


^vllere  the  coefficient  •  assuming  non-statioiiary  motion  and  depending  on 
tho  velocity  distribution  in  the  medium,  osm  be  talcea  os  equal  to 

E=E^  —  AE, 

for  dj.stancos  of  '■>■(5  — 8)ro  • 

In  order  to  define  foroula  (95.44)  more  accurately,  v/hich  dotermines 
both  tlio  momentum  of  the  medium  for  a  given  instant  of  time  and  also  tlie 
flo’.7  of  momentum  througli  any  given  surface,  it  is  necessary  to  taJce  into 
account  tho  irreversible  energy  InnnnR^  T^or  this,  it  is  nccesBui-y  in  (55, 45; 
that  by  tlie  quantity  of  energy  one  sliould  understand  the  total  energy  of  t!ae 

^C>Ce> 


(93,46) 


for  OL  iiivun  instant,  or  time  or  for  a  glvan  distance; 

vi'*ere  is  tho  irreversible  energy  losses. 

/  ^  V  8fe ' 

Assumins  in  ecjuatioa  (95,22)  tiiat  E  =  Eo\^-~j  ,  we  arrive  at  tho 

follov/ing  relatiomships  : 

'  [®  z'  ^  + ®~/'  (Tr*”'  ]  • 


...  a*  y.STSJ  ('  ro  \-^  i/" ,  j. 

‘  = — 4^J7j — \Tj  ^  ‘  ^  .  M  • 


(95.48) 


In  those  relationaliips,  the  quantity  5  ,\')hioh  characterises  the  extent  of 
the  enJTssr  losses,  is  indeterminate.  If  v/e  suppose  very  roughly  that  6  =  -5-> 
we  arrive  at  tho  following  results  ; 


(93.49) 

y  ’+-Ar-  (95.50) 

It  is  kno\m  from  experiments  that  at  relatively  large  distances  from 
•Ihe  site  of  the  explosion,  exceeding  (8  -  10)' ro  ,  the  irpulse  acting  on  any 
obstacle  at  a  distance  r  from  the  site  of  the  .explosion,  is  determined  by ' 
the  relationship 


'akap  /.j 


Since ' at  these  same  distances 


e, /5  u,  \ 

\7r.ore  «  .^(^  2  -  j  ,  then  relationship  (95, 4i 


4S)  assume.*;  the  form 


rV  2ME, 


4T(rS 


1  -f 


M 


exnl 


Af  • 


(93.  51) 


(93.  62) 


(93.55) 


7 


Ooni'omiaiice  oi’  the  e^gperiraental  and  theoretical  formulae  in.  tliQ  sense 
of  dependence  cf  the  quantity  (*  on  diotaxice  vtUI  occur  for  l=-g-  t  whic>' 
is  equal  to  the  value  iNhich  \re  have  talcen.  However,  there  will  he  no  agree¬ 
ment  of  tlie  dependence  of  the  quantity  ‘*on  iWe^i  as.  a  result  of  tJiis. 

ErLs  non-conformance  should  he  related  tx>  the  not  entirely  accurate 
determination  of  tlio  iii^ulaes,  and  also  to  the  fact  that  as  a  result  of  the 
reflection  of  the  material  from  the  obstacle  ,  because  of  lateral  E^reading, 
ooiT^alementary  lateral  contpressions  of  the  modium  may  take  place,  which  involve 
the  a^Dpearnnce  of  tlie  destruction  v/ave  around  tl^e  obstacle,  Eils  v/iU  reduce 
the  magnitude  of  the  inKUlse  more  considerably  for  large  oliarges  than  for  small 
chargee.  As  a  consequence  of  tlais,  the  e>:poriinental  dependence  of  i*  on. 
vdll  be  more  feeble  than  ^vill  tlie  theoretical  dependence. 

Let  us  pass  on  to  a  fev/  numerical  determinations  of  the  momentum  of 
the  medium  behind  the  slioclc  front.  Neglecting  the  lateral  compression  of  tlie 
ground  near  the  obstacle,  it  is  easy  to  see  that  the  impulsive  loading  aotiiig 
on  this  obstacle  will  be  equal  to  double  the  momentim  of  the  medium  behind  ■ 
the  shock  front. 

On  the  basis  of'  the  well-loio’.m  results  of  tlie  tlieoiy  of  an  explosion, 
formula  (95.  55)  can  be  used  to  determine  tiao  impulse  at  distances  greater  than 
8-10  cliarge  radii, 

v7e  now  varite  this  forr.'ula  in  the  form 


Substituting  in  it 


l+-^-V2po?,^ 

“..1  1 

>  Po . — 

,  for  . 

1 

M  ^ 

M 


oxpl 


•  "Peipl, 


1+^- 


2  • 


... 


Pfixpr* 


■  (95.54) 
Q=  1  cal/c  : 


(25.  55) 


i‘^16-  r~*(  for«==-i), 

eipl  '  ■  °  / 

/•=16.•10^/^£->  (,for5==0). 


Up  to  iiovr  we  have  asiaxmed  that  tiie  v;ix>lc  region  Detrroen  the  boundary  of 
separation  and  tho • shock  front  is  occupied  by  nosing  ground,  however,  as  a 
Gonaeciuoncc  of  the  fact  tixat  t!ie  pressure  inside  tlie  ground  falls  \iiith 
increasing  distance,  retardation  of  the  rear  portions  of  the  moving  ground 
should  be  observed,  down  to  its  complete  cessa.tion,  i.  e,  sooner  oi'  later 
breakaway  of  tho  shook  vrave  fl'om  tlxc  detonation  products  siiould  take  place.  . 
In  the  ground  this  phenomenon  should  be  som'wliat  more  characteristic  than  in 
.  .'r.  Indeed,  'the  zone  'v/lierc-  the  ground  is  retarded  v/ill  apparently  be  trans¬ 
mitted  with  variable  veloci-ty  and  tlia  wave  lengtli  in  t!ic  ground  vlll  not  be 
oonstimt.  In  tiio  limiting  case,’  just  a.s  in  vir,  assuxAing  that  tho  wave  lengtli 
is  constant  and  neglecting  the  irreversible  energy  losses,  wo  arrive  at  the 
follovlng  relationsliip 


2 


(25. 56) 


where  A  =  coiist.  Raiding  into  account  tlic  looses  as  before,  we  ocai  write  tlrts 
relationship  in  the  form 


v/here  ^  =  const. 


1+1 
A4  « 

^BXpl 


(95.57) 


Hie  divergence  between  tiie  experimental  and  theoretiosl  relivfcio'ishios 
oenuro  mainly  for  the  dependence  of  the  impulse  on  the  charge  weight. 

^  Ue  note  that  in  deriving  the  relationship  deten, lining  the  mcmenttun  of 
tnc  ground,  we  do  not  taJee  into  account  tiie  internal  iiressure.  Aotaelly,  at 


cu.siances  creator  -uian  iu  ra ,  toe  internal  pressure  plays  no  fui’tlaer  pin’t. 

In  conclusion  rre  shall  atteitipt  to  determine  the  radius  of  the  sb-oalled 
zone  of  destruction,  assuminc  ‘fch.ut  in  the  zone  of  destruction  the  £round 
itself  is  deformed  "by  the  passage  through  it  of  the  shook  front.  Mie  average 
energy  density  .  s  depends  on  distance  in  the  follovri.ng  niecnner 


“oorlt 

“•|w'  2 


(92.53) 


AThcre  is  the  oritioal  velocity  of  motion  of  the  ground  as  a  result 

of  Trf^oh  deformation  takes  place,  . 

.  Knov/ing  the  limiting  energy  density  e.  ,  at  which  noticoahle  deformation 
of  the  ground  oeases,  we  arrive  at  the  follovdng  relationship  : 


-j*  /  .  Pwepl  ^ 
'’o  y  f6«»  ’ 


(92.59) 


whore  is  the  limiting  radius  of  destruction. 

Assuming  for  typical  soils  that  6,  s  10*^  P  ,  *  1, 6  g/oc®, 

Po  S  2  g/cm®  ,Q'  »  4  •10^'^  erg/g,  wo  obtain  a  15. 

An  oner^  density  of  •  a  lO^  erg/g  corresponds  approximately  to  a 
pressure  of  20  kg/om^, 

Aphially,  as  a  result  of  the  density  variation  from  the  value  pa  ■  to 
■file  value  Po  Ihe  pressure  intensity  accomplishes  an  amount  of  v/ork 

=  (95,60) 

vdiere 


ix  Xj  —  Xx  -y  f  _P^  . 

JCl  .JTi  K  Po 

X,  and  are  the  radii  of  the  elementary  spheres  containing  a  mass  of  oartli 

equal  to  unity.  Since  4rt;t’  =  —  ' 

!. 


(95,  61) 


AESuming  that 


w|t  —  U 


/■.*  1 

11/ 


f 


vre  arrive 

esSW 


at  the  relationship 

£sEit 

Po 


which,  for  ft,=  2  , gives  e^srf-^^^and  for  '  =  20  •  10^  har  ,  =  lo"^  ei’a/g, 

\7e  note  tliat  the  theory  of  explosion  in  the  ground  still  regaires  further 
development. 

Some  experimental  data  obtained  by  tho  ArtLlleiy  AoadeJiy  verifjr  the 
valid! iy  of  the  assuirption  that  starting  at  some  quite  small  distance  from  the 
centre  of  the  charge  (about  2  to  S.Vo),  ,  v/e  are  justified  in  neglecting  the 
compressibility  of  the  soil  particles  in  the  case  when  the  porosity  of  tho 
ground  has  already  been  eliminated. 

It  has  been  established  that  tho  initial  pressure  at  the  shock  front  in 
the  ground  ,  resulting  from  detonation  of  a  charge  of  hexogen  attains  a  value 
of  2  •  10  ks/aa^j  as  a  result  of  vduoh  the  rapid  change  cf  density  is  equal 
to  1.45,  and  the  density  of  the  ground  (olay)  is  thus  shown  to  bo  equal  to 
2.1  g/cn^.  Iho  density  of  the  ground  is  taken  as  equal  to  2,  S  ^om^. 

It  follov/s  from  this  that  for  r  —  /"o  ,  the  inci'ease  in  density  occurs 
mainly  on  account  of  the  elimination  of  porosity,  Iho  initial  velocity  of 
motion  of  the  ground  behind  the  wave  front  Jias  been  shovm.  to  be  equal  to  1720 
ii/sec. 


Using  relationship  (95.4)  ' 

p 

and  also  ttie  relationship  for  the  detonation  products  for  k  —  3 


tl  I 


■  ^  ‘^\PI  I  ’ 

we  oxi'ivQ  at  the  equation 

•  f'l  _iLiV_27- _  ■ 

^  Poaxpi 

For 

a=:~  =  0.7,  *  £1  =  8000  a/seo*  Po  =  2,1  ,  =1.65, 

we  obtain.  a,e  1900  m/ sec,  v/hlcli  is  close  to  the  experimental  value  i;iven  above, 

^  94,  Explosion  \Tltli  Blowou-ii 

Explosion  in  an  .infinite  Ifedium  .  ATter  corapletion  of  the  process  of 
detonation  of  an  explosive  chareo,  v/hon  tlie  detonation  v/ave  reoohea  the 
■bouti-dary  of  separation  bctreen  tho  explosive  and  the  mediiua,  nxation  of  the 
medium  commences  uiado-r  the  action  of  tho  expanding  detonation  products.  As  a 
result  of  this  a  shook  wave  originates  in  the  medimn. 

As  a  result  of  an  explosion  in  tough  metals  the  pressure  at  the  shboJc 
front  is  greater  than  the  pressure  at  the  front  of  the  detonation  \7ave.  For 
less  rugged  materials  and,  for  exairple,  as  a  result  of  an  escplosion  in  water, 
the  pressure  at  tho  shook  front  is  less  than  at  the  front  of  the  detonation 
wave, 

'7e  shall  not  consider  here  ■’die  lav/  relating  to  'die  propagation  of  a 
sliook  v/ave  and  v/e  shall  not  ■(;ake  into  account  "Uie  multiple  wave  processes 
iji  "bho  modium  as  a  result  of  reflected  y/aves,  but  we  shall  occupy  ourselves 
wi'fch  "fehe  overall  picture  of  an  explosion. 

As  a  result  of  the  explosion  of  a  mass  of  explosive  in  an  infinite  ' 
inert  mecUum.,the  volume  ,  occupied  by  die  expanding  explosion  pix^ducts. 


^7^ 


is  proportional  to  the  mass  in.  of  exnlonivn  nnri  ^.epends  on  the  proportion 
of  tlie  Kiediimi,  Expansion  of  tlie  df^tonation  products  proceeds  from  an  initial 
pressure  of 


P,=(A-I)PoQ. 

(v/liere  k  is  the  index  of  polytropy  for  the  exislosion  products,  po  is  the 
density  of  the  eix^^loaive  olaarce  and  Q  is  tho  ^eoific  ener^/  of  tho  explosive) 
up  to  the  final  pressure  ,  determined  by  tho  properties  of  the  mediura#  In 
the  initial  stage  of  expansion  (  for .  />,  <  p  )  it  proceeds  according  to 

the  law  p — ,  then  for  p,  ■<P<Pj  the  expansion  proceeds  accor- 

ding  to  tho  law  p  —  V'-"'  —  2"**'  ,  ■where  ^1==*;^  is  the  isentropy  indexi 

For  "typical  eaplosives 

A  =  3  ;  /:i=  1,4—1.26  ;  p,**  10®  kii^on^  ;  p«  a  10®  kg/cia^, 

For  expansion  in  air  or  in  water,  where  there  is  practically  no  viscous  force 
to  be  overcome  and  practically  no  ej^senditure  of  energy  on  defonnation  of  "the 
medium,  and  its  rarefaction  p»  =  p«  ji  where  p»  is  the  back-pressure  of  "the 
medltun.  If  Po  c  1  kg/cm^  ,  "then 


V^^AV^,  ■  '  (Od.2) 

where  Va  is  the  initial  "volume  of  the  explosive,  A  «  fooo.  For'  expansion  of 
"the  detonation  products  in  a  solid  medium  pa  '>  Pa.  •  For  materials  vTith  a 
different  hardness  the  value  of  ~p„  can  var^’"  from  1  kg/ora^  to  1000  kn/cm^.  As 
a  result  of  this,  the  oorresponding  value  of  Vco  is  decreased  in  relation  to 
that  determined  fz-om  e<^ation  (94.2)  by  a  factor  of  10^  or  lOOO^  ,In  the 
general  form,  we  can  vnrito  "hhat 


1/00= ^l/o 


(94.  S) 


uiie  ei'‘foo";ive  value  of  k  ,  depending  on  the  properties  of  the 


medium.  For  example,  for  "typical  soils 


as;  50  Vo. 


Eie  volume  of  the  zone  of  destruction  Vit  of  the  ground  and  of  ax(y  medium 
considerably  exceeds  the  volume  \vhicli  can  bo  occupied  by  the  detonation  pro¬ 
ducts' (see  Pig.  247) j  but  it  is  always  proportional  to  Vw  »  i.  e. 


Vco 


=  o  =  const. 


(84.4) 


Fi.f?ure  247.  Zone  of 
destruction  of  a 
medium. 


S:!q)eriment  shows  that  for  different  media,  including,  soils  and  rocks, 

*  ®  ^0  ,  whereupon  the  lesser  value  oorrespondn  to  the  tou^est  metal  and 

the  larger  value  corresponds  to  the  toughest  ground. 

Thus,  it  can  be  verified  that 

Vn=-oiVa.  =  <iAVo{^Y .  (94^  5) 

Hie  mass  of  the  deformed  ground  M  =  pvn  , 

(p  is  the  demsity  of  the  ground)  oan  bo 
e:q)re3sed  via  the  mass  of  the  e^^ilosive  tlius  : 

The  quantities  '  a  and  Pa  are  found  from  e::^eriment. 

Por  pliable  media  the  value  of  A"  is  oloaor  to  A,  ,  than  for  more  'rigid  media. 
For  the  latter  the  value  of  A*  is  closer  to  k\  for  soils  and  slightly  durable 
metals  Pa<p*  ,  therefore  A*  =  Ai,  for  hard  metals  A'>A*>Ai  ,  and  for 
the  tougliest  metals  k*^H  ^ 

Explosion  in  a  Finite  Medium  .  Ihe  most  interest  is  presented  by 

the  study  of  an  explosive  diarge  inserted  to  a  certain  depth  ha  tlie 

■jarth's  suiface,  which  we  shall  assume  to  be  horizontal,  Ac  a  result  of  tliis 


"he.  force  of  gravity  should  be  taken  into  account. 

7c  shall  calculate  the  energy  which  is  expended  in  overcoming  the  force 
of  gravity  by  the  ei^losion  of  a  diargo  at  a  depth  ha  ,  in  the  case  when  the 


^  1^ 


3i'f\tcr  forraecl  a.f*bor  tiie  oxrolos.ion  Is  'w 


J'vi  J.  ,.V.U.U4^ 


2'IA.  j^or  th-3  calculation 
of  ■'o3.ov<'Dut. 


of  Ro  ^see  Pis,  248),  ’.7e  shall  aaloulato 
the  "jpravj-tational"  enercy  for  tlae  case 
T^hen  there  is  ejection,  of  soil  at  tho 

■  ■  .  .  an  ele- 

.  nient  of  r.iens  of  the  earth  is  'boiindea  oy 
cones  v/ith  bas  radii  ^  R,  tiien 


xTiC  'total  me 


^  —  "3  titn  “  t?o  • 

2ic  element  of  mass  bo’unded  by  tlio  ooctlons  (h-\-dh\  h)  is 
Tl^cn  tV;3  eners/  necossaxy  for  tlio  ejection  of  .ra  element  of  maos  dM  at  the 


(84.  7) 
c:i.  -3) 


surface  AA',  is  detei*minod  by  the  equation 

dE,  dM,  =  %  -  h)  tMh,  (  04. 10) 

v/hore  •  g  is  tlie  acceleration  due  to  sJ^avity, 

Thus,  inteeratins  -vrithin  tlio  limits  fx'om  /i^  to  0  end  from  0  to  9o.  vra  find 

*  y°  ^  (94,  u) 

In  ■the  region  bounded  by  tiic  cones  vvitii  base  radii  (R+dR,  R)  , 

If  it  be  assumed  that  the  ejqploslon  enerry  is  pi'opagated  isotropically 
(v/hich,  of  courso,  is  not  al-toeether  so),  tlien  in  tliia  region  the  e:!<plosion 
'^-■•ncirgy  '.',411011  nets  4,s 

dE,=  Qdm.==m,Q'-^E!^:==^stnifdf,  (9.i,15)  . 

’.•acre  Eg  is  •file  'total  explosion  energy.  Hie  e:qplosion  energy  propagating 


p _ p  '  —  ^0 

l^tfQ  — —  i-  «  '  "ij"  ■  ■  ■  ■ 


(94,14) 


^7  r 


ams 


3£,cos<fi  ■ 


dEg 


(94-..  15) 


O-bviously,  if  the  erxer£y  losses  in  hrealcLtyr  up  the  ground  are  not  taken  into 
account,  ejection  will  occur  for  the  condition  that  dE»'>dEg  ,  whenoe  it 
follows  that 


Ihua,  for  a  given,  depth 


”i>g*o  ^  p 

5coi»f 


/  «p^V 

COS,(f  =  COS<po>l  "3£^y  * 


(94.18) 


The  Bicodiauni  possible  depth  is  deteraiiiied  from  this  relationship  for  fo  ‘=  u 

,  4,  =  =  (—)*.  (94.17) 

By  mecna  of  equation  (94*17)  wite  (94*16)  in  the  form 

i. 

cos<Po>(^)*.  ■  (94,13) 

Relationships  (94.16)  and  (94.17)  give  the  optLcum  values  for  and  the 
angle  of  flare  of  tlie  cone  90-.  If  the  irreversible  losses  be  taken  into 
account,  then  the  values  of  ho  and  fio  ■'vill  be  less  than  those  determined  by 
these  relationsliips. 

We  shall  novr  calculate  tJie  residual  velooitj'  ooi  ’-vith  which  part  of  tlao* 
ground  will  be  ejected  from  the  crater  at  an  angle  qi  from  the  norriial.  'We  shall 
calculate  the  ir^aximura  velocity  of  ejection  below,  but  for  the  present  we  shall 
only  assume  that  tlie  particles  of  earth  aogjoire  the  velocity  quite  rapidly,  but 
in  the  process  of  its  ejection,  part  of  the  .velocity  ±3  expended  on  overcoming 
the  force  of  gravityo 

It  is  obvious  that,  from  tJio  Law  of  Conservation  of  Rnergy,  we  can  .v-xite 


?  ?C. 


vfhence 


or 


■^dM  +  dE^^dE., 

“  V  ^VdM  dM  1/  2  „p/,3 


sh. 

'2 


{■9^,,  19) 


£ 

.^’or  cos<ii  =  (^y  ,  tto==0.  and  for  ^“O 


g>h  '  >>0m 

^  1 

Iti 

If  ha ’-/tarn,  »  then  for  9  =  0  ,  uo«=0,-  Bie  relation£sliip 

J¥£^n  >  <P  _  /  Ao 

“-TO  i  2  )  • 


For  ^  =  9o 


The  relationship 


U««/  \  2  j  4  LIAo»J  {/lam) 


For  cos  9,! 


A  3£. 


—  W^ntiuf^o  W^o  (1  +  cos  ?,) 
4.  ^  6£.(1  — co*<p,)  “  6£, cos' 9a 


(94,  20) 


.  (94,  21) 


(94,22) 


TT 


_  i/w^ovr,  .f^psKv 
-2{3£,J  1_^  -t-i^TOy , 


■y'cos9o(1  4-cos  9a). 


For  a  -"inite  value  of  -fs.  ,*  ,  tlio  value  of  ^  attains  a  anaximra.  Ir7s  can 

/in-  £  ^ 


easily  find  from  (94, 2l),  that 


>-(r) 


SB  3  , 


As  a  result  of  this 


=  -srf  0-  J:  cos  9o  =  (y] 


iW-iJ.^0.S8i 


=uin9o  =  1/2  1 .4  . 

On  the  basis  of  the  relationships  introduced,  the  parameters  can  bo  evaluated 
for  the  crater  formed  by  'tiio  ecqplosion  and  the  subsequent  ejection  of  mnterial. 


‘^77 


blov/out  and  exi^loaion, 

Hic  inititJ.  shape  of  the  crater  should  be  conical,  v/hioh  is  perfectly 
Pituial,  siiiCic  uj action  of  tlio  uiodium  takes  place  iQore  or  less  along  the  radii 
R,  licv/ovfii'j  neoJ  tlio  si-irface  of  the  crater  a  rarefaction  (relaxation)  vravs 
orisiimtcs,  wliich  leads  to  the  fact  that  at  tlic  surface  itself  they  axioy  be 
gj.'Turc  249.  Volume  of  collapsed  oon^ilementarily  destroyed  and  a  certain 

mass  of.  the  ittedium  rjay  be  ejeotaii 
(Fig,  249),  As  a  result  of  thi.s,  tlie 
radius  of  the  orator  is  soinev/hat  in- 
creased  (from  /?o  to .  9,„  )  and  the  shape 
of  tho  crater  is  altered.  It  ia  not  ve.rj' 
simple  to  talce  this  effect  accurately 
into  account,  and  we  shell  not  coiisider 
this  here.  All  1iJ,e  relationships  intro¬ 
duced  above  are  of  signifioanoo  if  A  </?,«,  ,  where  Ri„  is  tlie  maximum 
radius  of  the  zone  of  ooUapsa,  taJcLns  into  account  tho  effect  of  the  free 
surface. 

Prom  tills  condition  and  from  eq,uation  (94. 6), it  followa  that 

3£,  . 


'3/Vf,„\T 

1  4r  / 

W  / 

(94. 23) 

where  V,m  and  are  the  volume  and  mass  of  tho  zone  of  collapse.  Since 


M, 


.  /I,  =  Aim,, 


_i  (94.24) 

v/here  Ai==±  aA^^J  (see  equation  (94.6));  a  is  a  oooffloient  ch,'o.-cc  ber- 
ising  the  increase  in.  tho  zone  of  collapse,  then  equation  (04. 24)  can  be 
v/xp.tten  in  tho  foi"^ 

p« 

^  p/l,V.  > 


v/h^'vr* 


{  3  fH.\3 


^  _  A.\-  - 


Uic  itiuius  of  the  e:xplosive  charge. 


eipl  V  47t  Pf,  J 

Hence  it  follows  that  the  greater  the  calorific  value  of  the  ejtplosive  0, 
tile  mores©  is  tlie  inequalit/  (04.25)  fulfilled  as  a  result  of  the  gi’eaier  force 
of  gLiJLvi1^%  In  the  ahsenoe  of  a  gravitational  foroe>  the  inequaliiy  (94. 25)  is 
never  fixlfllled. 

We  shall  nov/  oonaider  the  various  possibilities  of  formation,  of  a  crater 
as  a  result  of  an  ej^losion  : 

1.  If  «o  >  Rtm  ,  then  for  Ao  >  /(o*  the  crater  is  not  formed,  but  a 
so-called  csmouflet  is  obtained. 

2.  If  Ac  <  Rtm  f  then  for  Ao  >  Aom  partial  bulging  of  the  surfaoo  will 
be  observed  in  the  vloiniigr  of  the  epioentro  (  above  the  site  of  the  eacplosion). 

'  5.  If  Ao  </?,»;  f  for  Ao<Ao«  we  shall  have  the  oase  considered  above, 

when  a  orater  ia  formed.  . 

With  decrease  of  A  the  profile  of  the  orater  will  be  altered  (the  angle 
90  will  bo  inoi’eased). 

Iho  first  t\'.o  oases  are  of  no  interest  at  present  and  we  shall  next  occupy 
ourselves  with  a  more  detailed  analysis  of  the  third  case. 

Nov^,'  let  Ao<  Aflw  < /?,«.  .  Ihe  angle  of  flare  of  the  orator  oone  is  deter¬ 

mined  from  relationship  (94. 15) 


cos 


ns  a  result  of  'which 


’'PffAfl  ^  . 


(94.25) 


»'  She  radiup  of  the  crater 


21xc  ^ecified  relationships  will  be  valid  only  for  the  condition  that 


p  _ _  «Q  ^  n 

““  tna  a,.  ^ 


^  19 


(94.36) 


ths  arifiXa  of  flcu-o  ui".  ihe  cone  is  dfitemr  '■d.  from 

t)-  1  relationship 

cos  <Po  =*  cos  9o-u„-=  ^  •  (94^  26) 

If  <Poy-<9(,  >  then  cosfpj^.-^  and  the  crater  radius  will  he 


^0  lim—  ^0  ?0  U<a“  ^  ^  * 

Hio  limiting  condition  (94»  26)  leads  to  this  relationship  s 


(94o27) 


(94.28) 


Thus,  if  Rrm  *  integration  the  angle  y  is  changed  from  0  to >o  j 

and  for  Ro  >  i?,„  from  0  to  9oum  ^^le  relntd  onahips  presented  above  com¬ 
pletely  define  the  orater  ■nhlch  is  formed  as  a  result  of  the  explosion  of  an 
explosive  charge  of  mass  m,  at  a  depth  ho  «  if  /to4CR,n  • 

If  Ro-^'Rin  $  then  oos  Vo <.18  oaloulated  from  relationship  (94»25);  if 
I  then  cos  9o  •=  cos  9,,^  is  oalculat^  from  relationship  (94»28). 
lEhen  rre  oan  oaloulate. 


Rq  —  ho  i*n_  9o  and  M  -j-  pho  tM. *  *Po 

A  criterion  of  this  oasey  os  a  result  of  formation  of  a  orater,*  \«111  “be 
the  dimensionless  quointi'ty'  '  ' 


u. = _S2?iSo_  _  .di£5» 

■  4Q  • 


(94. 29) 


If  ti,>  1,  then  »  ancL  we  shall  he  oonoemed  with  the  oase  wlien 

^o<^rii'  ,  as  a  result  of  which  the  force  of  gravUgr  plays  the  principal  r^e; 
if  *1*  ^  I  t  then  9oiini^^  we  shall  he  oonoemed  with  the  oase  when 


'?o  >/?fp.  as  a  result  of  which  Hie  radius  of  collapse  of  the  medium  plays  tiie 
prlnoipal  rSlo, 

If  there  is  no  gravitational  field,  then  we  shall  always  ho. 'conoemed 


f  ^  ^ 


vdtii  tiiG  sacoru^  nnnfi-  .We'  sorr.e  'vrill  be  the  ease  as  a  result  or  U|3ini2 
veiy  hi£jh  calorific  value  ej5)losivos.  Only  in  the  case  of  a  very  pliable 
medium^  I'ihen  the  quantliy  Ls  large  ^  cliall  we  be  concerned  vd.'tii  the  first 
cose  for  higlier  V0''ue3  of  Q-  As  a  result  of  the  presence  of  a  strong  gravitational 
field  we  may  be  conoemed  with  both  cases  ,  depending  on  the  value  of  g,  ■  Q  and 
tlie  quantity  A\,  which  characterises  th'e  medium, 

\1q  shall  novr  determine  the  ultimate  relationship  between  the  mass  of  the 
medium  ejeoted  from  the  orator  by  the  explosion,  the  mass  of  the  esplosive,  its 
calorific  value  (or  explosion  energy),'  the  initial  d^th  of  the  explosion  centre 
and  we  shal  l  examine  the  optimum  daptu  for  which  the  ejected  mass  proves  to  be 
a  maxliaim  for  the  two  oases  ti,  >  1  and  n,.<  )■ 

For  »!•  >  J  we  have 


(94»  SO) 


It  is  obvious  that  the  mass  of  the  ejeoted  raa.terial  has  a  maxlaum  for  a 
definite  depth  ^ ,  and  this  maxLnua  will  occur  for 


(  the  inequality  '  <  i  2.  xb  satisfied  for  tMs). 


Substituting  the  value  we  have  found  for  '  ho  ho  in  equations  (94,25), 
(94,2s)  and  (94»Sl),'  \7e  arrive  accordingiy  at  the  expressions; 


Si 


I 


:os(fo=-^:  <Po»70‘1  ./?o  =  2V'2A;  =2/2(^^]‘ ;■ 

^="Tp(-5;i^y  ■ 


For  <  1  wa  have 


^  =  J  P'o  Sin*  90  cos  <Po  “  7  -Pc , 


(94. 52) 


(  Q4- 


vAiere  1  >  cos  90  >  -22. 

'tm 


For  cos9o==*2i. 


(94.54) 


It  ia  obvious  that  Just  as  in  the  previous  oasofthe  mass  of  ejeetecL  material 
for  a  definite  depth  .hj>  has  ..a.  maxtnHia  value.;  ^s  zoaxiwm  will  ooour  for 

—  V*3 

•  Por  this  _ _ _ _ 

ikn9o  >=a]/'2;cos  9o=|/'-j5  sin^o^V^I-l  fo*«55°;  | 


n  iV Sk  0.1  2«  Tj 

M  =  P^f i» *=  —g  p^o  • 


(94.55) 


As  vra  oan  see>  depending  on  whether  the  oriterion  ri.  is  greater  or  less 
than  unity^  different  optloum  suites  of  'the  oone  are  obtained . 

Por  T)? >  1  fo^ 70°;  for  "q.  <1  -90  55° 

We  shall  now  rela'fce  the  purely  theoretioeO,  results  whieh  'we  have  ob-tainod  •with 
the  basic  QTiperimental  data. 

It  is  well-known  that  for  a  oertain  d^th  of  inser'feLon  of  •the  oharge 

(v/hich  Is  not  always  op'tiimia  in  'the  sense  of  obtaining  the  maxHiOLun  ejected 

mass) -the  crater  radius  is  j 

•  •7?o  =  )^n!. 

(94.56) 

v?here  i.  ia  an  experimentally  de'termined  coefficient. 


Assuming  that  R(,„  »  we  oon  write  equation  (94. 56)  in  the  fojjm  , 

(94.57). 


It  is  further  obvioua  that 


I 


J14  ’  ^ 

.>T«  « np/<oni  =  -j  np\*m, , 

(94,58) 

Conparins  equations  (94,24)  and  (94*58),  we  find,  ■bliat 

(94,59) 

On  ■the  o^bher  hand 

and  ■therefore 

(94.40) 

Ihesa  rclationahlps  estalalish  the  relationship  hetween  the  enpirioal  parameters 
a,  A,  At  aM  A- 

Since'  the  quantiiy  A  is  <julte  •well  toiovm,  is  detemined  oxpardment, 
then  we  oan  find  ’4i  froffl  equation  (94»S9),  and  from  equation  (94»40)  -we  oan 
find  the  extremely  important  ooeffioi^t  a  ;  ffe  note  that  * 

TUTe  nove  detemdaie  the  moman'tun  of  the  material  ejected  as  a  result  of  the 
explosion.  Slrst  of  all  we  de'termLne  the  so-oalled  ■total  (scalar)  oomeatum  (/()■, 

It  is  obvious  that  _ _ 

dJ, ^ a dM  => aujiM  =  sin  (94,41) 

nhenoe,  inteara'tine  wi'tiiln  ■the  limits  of  ■variation  of  the  angle 'p.  from  0  ■bo  Pc  , 
(assuming  that  9o“^aiin  )  f  vre  find  ■ 


A  =  2  ?  VW. . 


(94.42) 


where 


:2  1--/C08 


To 


Vcos^o,  ’  ‘“To  '  (94,45) 

It  is  useful  here  -bo  introduce  instead  of  the  ■total  explosion  ener^r  E, 


"thai;  portion  o-  tl io  energy  i  v.'hicli  is  prcpSigci.’tcd  ultliiii  a  ajji3i-;j.Lli3d  eoue 

vd.tli  a  vertex  onsle  of  2<fc  . 

Prom  equation  (94.  IS)  we  find 

(94,44) 

■ 

and  no  a  result  of  this  equation  (94,42)  aasumea  the  fona 


vAiere 


y,  =  0/2A<£',  , 


_ 2  >^2  cos  <fi, _ 

''  1  +  COS.IfD  f  1  +  Vcos  VoT  * 


(94,45) 


(94,46) 


Por  example,  for  90  =  0,  3=1  ;  •,  for  q>i)  =  60®  6  =  0.95  ; 


~  4 


Vre  now  determine  the  projection  of  the  loomentum  on  the  ?  axis. 


perpendicular  to  the  surface  of  the  earth.  It  is  obvious  that 


Hence,' 


.■wliere 


dJ,  =  flu-cos  f  =*  ]/  sin  <p  cf<p . 

./,  =  2  j/*!  1  -  =  0,  . 


0  —  ILLzJ^j^iSsI  , 

*  tv>h 

Further,’  substituting  £,  by  ,  we  find  that 


v/here 


y,  =  fl,  K2yWt',  , 


n  _ 2V2  cosya _ 

'  (l  +  ■/coBVo)'!^]  -j-cos<pi,  ■ 


(94.47) 


(94-48) 


(94.49) 


(94,50) 


■  '(S4.51) 


For’ exan^ple,  for  90  =  0  »  9i  =  l  J  if>o=60®  ,61  =  4,  "^0  oan  write  tliat 


0]  —  a  y  cos  ,  Vihereujjon  tlic  ooef fiu4.en t  9  is  a  measure  of  the  velocliy 

distribution  depending  upon  the  quantity  of  the  mass  of  ejected  material  through 
different  angles.  If  there  were  not  this  diatri’bution,  then  8=1  and 


(94,  52) 


Now  we  can  finally  write  down  that 

y,  — 07,o:  J,~J,V cos  tpo = cos  fg  =  oj, ,  v^co?^ . 

Hovreverj  for  practical  oalculationn  it  is  Here  convenient  to  use 
reiationsliips  (94,42)  and  (94,48), 

Prom  tliese  relationshipa,  for  example,  it  follows  tliat  for  t 

y,-o.48K2:i?F,; 

In  the  generol  foimi,  -vithout  prcdeteri'Tin.ini;;  tiis  lav;  of  listribution  of  vslooi-  - 

ties  v/itli  respect  to  mass,  wc  can  VTrite 

y  f,  • 

J,=’Ja(<f)aM(<f);  J,=>  J  cosifa(f)dM(if), 

0  0 

vdiare  a^clM^^)  J  =  a(^)  is  the  law  of  distribution  of  velocities  vrt,th 

respect  to  masa. 

She  theoretical  relationships  which  we  have  obtained  above  may  be  made 
more  precise  ty  additionally  talcing  into  acoouiit  the  energy  which,  as  a  result 
of  propagation  of  the  shook  wave,  is  expended  on  heating  up  and  on  irreversible 
deformation  of  the  medium,  Shese  energy  losses  at  a  large  depth  of  insertion  of 
the  charge  may  be  considerable,  and  should  be  deteimined  experimentally, 

^  95,  Ij^aot  of  Meteorites  against  a  Solid  Surface, 

It  is  well-knoTO  that  as  a  result  of  ttio  inpaot  of  solid  bodies  \vi'th 
velocities  in  excess  of  several  kHometres  oer  second,  a  phenomenon  olosely 
resembling  the  appearance  of  an  explosion  has  been  observed, 

For  an  inpact  velooily  of  greater  than  5-4  kn/soo,  the  oiystallino 
structure  of  tlio  meteorite  and  a  certain  voltune  of  the  medium  with  i*ioh  the 

meteorite  collides  is  destroyed,  and  an  explosion  ooours  in  the  ■'nJl  'sense  of 
tlio  vrord. 


p*'Cwa.»jCiy  uIlOoO  pjr006aSuu  ruxJ.Uii  iiux^  uti  obsojTved 


aa  a  result  of  iit^jact  at  voiocitiea  greater  than  a  few  kLloraetros  per  second* 
Explosion  of  a  Meteorite  In  an  Infinite  Meditun.  We  shall  consider 
first  of  all  the  "explosion  of  a  meteorite"  in  an  infinite  medium.  It  is  ob¬ 
vious  that  the  x^roblem  may  be  posed  in  the  following  manner.  Suppose  that  in 
a  certain  volujne,  equal  to  the  volume  of  the  meteorite,  energy  £5  =  ^^. 
be  liberated  instantaneously.  2he  mass  mj  ,  inside  of  which  "vapourisation" 
of  the  medium  will  ooour,  is  obviously  deteiroined  by  the  relationship 


(95.1) 


A/o»*  + /Bi  »{  = -r)  — ^  Tldfl  , 
v/here  n  <  1  is  the  energy  effioiency  factor 

where  e*  and  n  is  the  energy  density  required  for  "vapourisation"  of  the 
matej-i-al  of  the  medium  and  of  the  medium  and  «*  and  arc.  the  limiting  veloci¬ 
ties  required  to  "vaporise"  unit  mass  of  material  of  the  meteorite  and  of  the 
medium. 


If  Wo  >  w, ^  Sj  ,  then  it  is  possible  to  make  a  distinction  between  the 

quantities  and  for  the  inpaotlng  body  and  for  the  body  reoeiving  the  irtpact. 

Xben  equation  (95.1)  assumes  '^e  form 

+  (95.3) 

Since  tho  value  of  e*  is  close  to  the  energy  density  Q  liberated  by  the  explo¬ 
sion  of  condensed  e:iq)loai\res,  and  since  e^qperimental  relationships  are  well- 
knovm  for  the  effect  of  explosions  at  the  surface  and  inside  different  bodies, 
which  relate.'  the  mass  of  the  charge  of  explosive  its  specific  energy  (Q), 

tho  radius,  depth  and  shape  of  tho  crater  in  different  media,  then  it  is  more 
advantageous  to  write  Q  in  j)! ace  of  SjjOiid  'x  in  relationships  (95.  l)  end  (95.5). 

Actually,  for  -typical  explosives  Q=l.  -  1.5  koal/g  »  and  s*  for 


L 


h?.£  the  veluc  cf  2  ;  1  ouu  v  kcai/'o  I'or  'iron,  almflinlum  and  £jrBnito 
respectively,  Consecucntly,  we  can  write  doivn  tiiat 


/w.Q  =  t)£o  =  ■>) 


2 


(95.  4) 


Henco  it  follows  that 

M 

/«,=  ■>) -2^.  (95,5). 

After  ospnnsion  of  the  gas  up  to  an  energy  densily  value  equal  to  Q,  the  ultiiaate 
expansion  stage  may  bo  likened  to  the  expansion  of  the  explosion  products  from 
an  explosive,  but  soroev/hat  more  danse  than  the  normal  explosive. 

Actually,  the  density  of  rode  is  about  3  the  density  of  iron  is 

about  8  g/em^  and  the  density  of  a  standard  esqplosive  is  1,6  g/ca^, 

Eais,  the  volumatrio  energy  density  in  the  case  being  oonaidered  will  be 
several  times  greater  tlaan  in  tlie  oase  of  explosion  of  normal  epqploaives, 
ffe  shall  now  put  the  prolilem  somewhat  more  preoiaely. 

As  a  result  of  an  iupaot  and  an  explosion,'  a  shook  wave  is  formed  wlaioh 
will  be  propagated  through  the  medium.  Since  at  the  shook  front  part  of  the 
energy  will  be  expended  on  "dastruotion"  of  the  medium,  then  it  is  neoessary  to 
take  into  account  this  energy  loss  in  writing  down  the  Law  of  Conservation  of  •• 
Energy  for  this  shock  front. 


Per  a  strong  vr&ve  these  conditions  will  have  the  form  : 


(95,  6) 

uf=Pj(Vo-y>), 

(95.7) 

(95,8) 

oihus  the  relationship'  £,  Vj  dependa  on  the  equation  of  state  of 

the  medium  and  in  a  certain  sense  on  the  initial  impact  veloci-fy,  since  at 
different  pressures  the  equation  of  state  may  be  approximated  differently. 


jjxoin  oquai/iona  ana  \v'i)9  i )  we  liave 

By  £*•  in  tliese  relationships  oiio  should  understand  the  energy  going  into  one 
or  other  of  disturbance  and  destruction  of  -the  orystallino  lattice.  Obviously, 
this  process  of  destruction  of  the  cxystal  lattice  vrill  continue  until  at  the 


sliock  front  '  ^ 

(95.10) 

Perm  equations  (95.9  )  and(95,10)  it  follows  that  the  process  of  destruotion 


of  the  lattice 


wi3.1  talcc  place  fc 


(95.11) 


By  introducing  «*  =  l/2«I  ‘  ,  we  oan  define  more  precisely  the  condition  Uo>«it  f 
7/hioh  is  fornulated  above.  Sinoe  from  equation  (95,  ll)  it  follows  that  “  i  ^  w*» 
and  that  '  tlien  ao^-Sai.  or 

=  (95*12) 


In  the  first  instant  of  time  ai'ter  impact,  when  the  regime  of  motion  and  " 

”floM^  has  not  yet  been  established,'  "vapourisation"  will  take  place  fpr  the 

2/  • 

condition  that  then  after. an  interval  of  time  —  a  regime  is  quite 

rapidly  established  when  "vapourisation"  will  taka  place  for  the  condition  that 


uo  >  2uk. 

V/'o  shall  define  more  preoisely  onoe  more  what  is  understood  by  e*  ,  Por 
vapourisation  **  =  *<  ,  for  fusion  =  ,'  for  simple  "disintegration" 

(dispersion)  of  the  medium  **“**•  In  the  first  two  cases  ihe  expenditures 
of  energy  in  the  ej^ansion  process,  going  into  latent  heat  of  vaporisation  and 
fusion  ,  are  restored  again  to  the  medium  in  the  process  of  expansion,'  except 
for  a  small  portion  of  the  medium  which  has  already  e:panded  se  a  result  of 


discharge  from  the  dense  medlum(from  the  crater)  into  the  aW>sphere  or  into 
an  enpty  space,  Ho\rever,  these  losses  can,  in  general, ,  be  neglected,  all  the 


—  ti/. 


^^,^.,nj.  -jy 

V%«^  M  A  X-OJ^iWi.  V  Wfb 


J-1_  J 


vVo-il 


u« 


than  in  the  case  of  .inipla  dispersion  of  the  medium,  Finally,"  the  ener;^'’  ex¬ 
penditure  •*  — “»  vriJl  "be  irreversible.  It  can  "be  assumed,"  os  was  done  above, 
tliat  =  Q  approximately,  for  different  media.  Consequently,"  it  is  alv/ays 
possible  to  introduce," just  as  in  the  case  of  an  atomic  explosion,  the  trotyl 
(ETT)  equivalent,  viiich  arises  from  the  Law  of  Conservation  of  .EnerQr,  i,  e, 
tho  kinetic  ener£2r  of  the  impacting  "body,  taking  into  account  losses 
(allowing  for  eff iftiency) ,  con  be  eguated  to  tiis  energy  of  an  cj^losive  (ETI) 
hav^.ng  a  IikaOS  'W,  a  wa-kOraAxu  vuj.t>iu  tuasoim,ng  that  ^ . 

It  can  be  assumed  for  sin^icity  that  tho  process  of  detonation  in  a 
dense  medium  is  instantaneous.  The  process  of  "destruotion"  we  shall  arbi¬ 
trarily  call  the  process  of  "vaporisation", 

.  As  a  result  of  a  detonation,  the  energy  donsily  at  tho  front  of  the 
detonation  wavo  is  ;  . 


t^ere 


(95.13) 


^l.d( 


(95,14)" 


is  the  potential  energy  thus, 

•'i.dr"i,d7=2^-  (95,15) 

For  an  instantaneous  detonation,  the  mean  energy  density  is  ; 

(95,16) 

In  the  second  case,\7hen  «rf=  Q,  the  problem  is  reduced  to  the  oomparison  of  Q. 
the  effect  of  the  intact  ^vlth  the  effect  of  an  explosion  v/ith  a  charge  mass  of 
2m,  and  a  calorific  value  of  ^  by  the  hypotliesis  of  instantaneous  detonation. 


In  the  first  case,  the  problem  is  reduced  approximately  to  the  case  of  real 
detonation  of  an  explosive  charge  with  a  mass  m,  and  oalorifio  value 


v/e  understand  by  a  casQ  of  real  detonation  tlio  case  v/hen  the  xiressure  at 


tlie  front  of  the  detonation  ^7avQ  is  t\'ri.co  aa  big  as  the  average  pressure  and 
the  enert]!'  density  at  tlie  front  is  u]  =2Q.. 

Botii  oases  are  sviffioiently  equivalent  to  one  another,  vAiioh  follows 
fi-om  ejqilosion  theory. 

Kie  first  case  breaks  dovfti  to  a  more  simple  analysis  and  vro  shall  novf 
discuss  it  furtlier. 

Now,  the  equivalent  mass  of  an  explosive  charge  m,  having  a  calorific 
value  Q  will  bo  detorwiined,  for  fu'hire  caloulaticrr^,'  by  rclationsl’-ix;  (fS,  5) 
E:r3losion  of  a  Meteorite  in  a  Finite  Modiun.  First  of  all  we  shall 
detennina  the  :naxirnun  depth  of  the  depression  -  crater,  formed  by  the  impact 
of  a  rnetaorlte  \rith  the  surface  of  ai^  medium.  This  depth  is  determined  by 
Figure  250.  Caloulation  the  depth  of  penetration  and  by  tiie  radius  of 

of  crater  deptli.  the  vaporised  mass  of  the  medium.  It  is  necessary 

to  frrthor  take  into  account  that  after  tlio  jiro- 
cess  of  vaporisation  ceases  ,  disintegration  of 
the  medium  will  simply  take  place  at  the  front 
of  the  dying  shook  wave  and  x)art  of  this  disinte¬ 
grated  medium  may  be  ejeoted,  outwards,  v/hioh 
further  increases  the  depth  of  the  crater  ;  hovrover,  this  additional  d«^th 
will  be  less  than  the  depth  of  the  vaporised  zone. 


Thus,  the  total  orator  depth  (Fig, 250)  is 

a„=a+av 


where 


A  In  4-1  cos  s.  {/ 

\  j  y  inf 


(95.17) 


(95.18) 


In  tliQso  relationships.  Mo  is  the  mass  of  tire  meteorite,  uo  is  its  velocity. 


^'1  ^ 


c,r  is  tue  rasis-Oance  factor,  S  is  the  surfaoa  of  iritpact  of  tlie  meteorite 
mid  p  is  its  densily*  z  is  the  ansle  bet.’/een  the  direction  of  the  velocity  of 
of  the  meteorite  and  the  normal  to  the  surface  of  impact,  and  r,  is  tlie  radius 
of  the  collapsed  aone  -  "vaporised"  zone,  Siiice 


at 


(here  and  in  future’  wn  shall  understand  by  "tiie  ^lan.’fciiy  y  =  — j—  =  »]^  $  the 
energy  densi-ty  required  for  destruction  of  lattice  binding  or  of  the  finely 
di-vided  rock),  then 


,  1M~ 

/<„  £=  — cos 


..  ■  /  /.» 

srin  1/  (ti' =^U 

ul  ^  V  8«.0  ^ 


CxSp  tt*  *  SitfQ 

Since  *  then  we  can  ■wii'te  that 


(95,19) 


(95.20) 

Sp  f  p  r  4b& 

v/here  «*  is  the  shape  fac-tor  of  -the  meteorite  ;  for  a  sphere,  for  example, 

.  Now,  equation  (95.19)  ia  con’veniently  presented  in  the  fona 


*o=»|/ 


Viiiere 


-|-A=  1  +cosar  1  / ini^. 

V  IP*"?  *»  “» 

Hie  mass  of  the  medium  ejected  from  the  crater (aasuminG. that  -the  shape 
of  the  crater  is  conical),  is  determined  by  the  relationship 

=  =  (95.21) 

Now  we  shall  determine  the  normal  projeo-tion  of  ■the  in^pulse  of  the  explosion 
(see  equation  (94,46)  ) 

y^=^B^Ym£„  (95,22) 


£',=  1)£()«  /Vf’=a  l«ll  * 


Vo. 


Since 


TSien 


'»|£'o(l  —  V'cos  fo). 


(95.  25) 


For 


<1. 


cos  ^0  = 


1 


For  n.  >1; 


cos 


J.  _  J  _  i  _  ' 

Ao  lnslh\^  (-Off  (3iiv^oUo\'‘ 

<P<>  =  7r  =  (l5£r)  ■ 


)Te  ahaJLl  evaluate  the  dimensionless  ijaantities  A,  iii  ’  end  ri,  entering  into  these 
relationships.  As  we  have  shown  above^  the  quantdiy  rj  is  slijjhtly  less  then 
unity  :  1 


,13  =  14-  ^cossr 


1/ 


Mlin  Jfl 

jj  *“  • 


for  uo  —  Ug  »if  *=^0 »  eo=“2, 


1,  and  p=>8  we  shall  hare  : 


Lot  «o  *='e’«*  w** 20tta  »  then  =  i  4  1  .|_  ^  =  1,4. 

The  quantity  -,7  =,1*  =1H — ^  =  1.5  for  lu^^eul  -  .  Consequently,  the 

range  of  variation  of  •]  is  not  very  significant.  Since'  ti  <  1*  <4;:^  1  then  the 

second  term,  into  whioh  n  ®  enters,  does  not  play  a  large  role<  it  is  small  in 

_  _i 

comparison  with  the  first  term  ;  ho\7ever,  this  quantity  ^  3  is  always  easy  to 
find  if  the  shape  of  the  impacting  body  is  known. 

We  shall  now  evaluate  the  essential  quantity  ,  A  ,  Since 

/I  =  a/1, ***  =  4 

Po  vpi  / 

then,  h  '.ving  ejqierimental  data  for  .  ^  ,  it  is  easy  to  calculate  4  and  the 

r  • 

quantity  , 


EiC  folluvvlini  Loblo  gives  tile  va,  of  ^  f  loid  a  ^OT 


different  media,  for  />»=!  Ica/cm^,  Ai  —  1000  ,  = 


,  iiedium 

' 

•  f 

• 

A 

A 

1 

^/PA\k* 

irJ 

Sand 

2-5 

100 

io7 

7  •  10® 

Cloy 

3,5 

50 

1.7  •  10*^ 

8  •  10^ 

Granite 

4 

10 

1.6  .  10'^ 

6.4 

Aluminium 

^2.6 

10 

10^ 

6 

Iron 

a 

5 

4  •  1.0® 

a?. 

_ _ 

-  —  ^ 

... 

-  1 ' 

Ttia  velooliy  bf  diaintecration  of  the  blasted  medd-nm  ia  determined  by  the 
relationship  (see  §94,  relationship  (94*19)  )  : 


do* 


/  3£ If  gh^\i  r  f  A«  /  3£,  co8«  f  , \-lT 

•  (96.-24) 


Substi-hiting  the  value  of  Ac  and  t\  we  arrive  at  the  eapress-len-'-.;,,. 


9o  = 


22.cos»?— 

^  2  V  8«p0  / 


I 

>_iT 


(95.25) 


Jor 


i/oTS  1  g  /'3’l'l>Wo"o  V 


(95.  26) 

The  mass  v/hich  is  disseminated  ivithin  the  region  bounded  by  the  cones  •with 
base  radii  (/?••+■  d/i;.  ,  i,  e.  inside  a  given  solid  angle  for  d<f  ==.  const, 

is  determined  by  tho  relationship  (see  ^94,  (9<L7)  ) 


riix  2  ts  sin  <f  d<t  ’11^0“?  sin  V  d<f 


(95. 27) 

This  mass  will  also  have  a  velocity  ao  • ;  determined  from  equation  (95, 25). 
It  is  easy  to  satisfy  oneself  of  the  fact  that  since 


%  = 


__  Ag  f  3riri£o 
4<?  4Q  V  inpQ  )  • 


B. 


(95. 28) 


tlien  for  relatively  small  ener£y  reductions  ti,  <  1  and  the  angle  of  flare  of 
tlie  crater,  fonned  as  a  result  of  impact  and  explosion,is  independent  of  the 
force  of  gravity.  On  the  oontrary,  for  a  large  initial  energy  the  limiting 
angle  is  detomined  "by  the  acceleration  due  to  gravity  at  the  given  planet.' 
For  T)  <  I  we  have 


/nc;  r>Q\ 

The  minlmuiu  velocity  Kirill  he  for  cos*  =  -^  ,  when 

“O  =  ^IB  >  0* 

'Iho  total  di.3integrating  mass  is 

(95.50) 

For  T),  >  1 

r  *  /  -  * ' 

Die  mlminum  -  Velooit^’’  will  he  equal  to  zero  for 

cos*  90  =  -’!^. 

The  total  disintegrating  mass  is 

L I  ’"5’  /  i  3r,T|Afo«J  J 

8Q  1,  \  j  * 

If  we  nr  V  conrpare  the  projection  of  the  momentum  to  the  normal  for  the  falling 

hody 

/o,  =  A1oMoCosz 


i’uiu.  Jw  i-eacxive  force  or  ejection  J, 


•2 

Since  5  =5  ^  ,  tlion  finally 

A—  T|(l  —  /c'Ss'^)  Uc 

‘  C08J’  u* 


Since  in  the  medium  =2,  s=:  gQo  ^  tlien  for  ?  =  0 


(95.  SI) 


_ Q^0  ^  32) 

A  *  «;  • 

Per  exar.^lej  for  an  achondrite  (stony  meteorite),  in^jacting  in  aluminlvun  v/ith 
a  veicctty  -.1  ~  •v:>  lor  v>3uoii  -  2  kii/sco  j 


Por  larger  velocities  of  intact  the  reactive  impulse  olways  exceeds  the 
momentam  of  the  falling  hody,  and  therefore  the  overall  nenentum  ooqiaired  hy 
the  medium  as  a  result  of  io^iact  is  praetdoally  independent' of  the  angle. 


wr 
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giAPTER  xy 

SarPATHETIC  raSTOK-ATION  ..  . 

§  96.  Iransmlasiffii  of  a  Detonation,  through  Mr 

i)n  explosive  charge  can  effect  detonation  of  another  charge  situated  at 
sons  distance  frca  the  first  one*  This  phencoenon,  discovered  in  the  middle  of 
the  last  century,  has  attained  the  name  of  s^m^thetic  detonation* 

We  shall  call  the  oharf'e  effeotinpc  the  detonation  the  active  charge,  and 
the  one  in.  which  detonation  is  effected  we  shall  call  the  passive  charge* 

The  experimental  end  theoretical  investigation  of  tliis  prohlem  ir,  of 
extren.ely  important  significance!  since  the  results,  of  these  investigations  v/ill 
provide  the  starting  data  for  eatahliahing  the  so-oalled  safe  distances  for 
storage  and  production  of  explosives!  and  may  he  used  for  the  construction  of 
detonation  olraulta  for  sunitionsi* 

It  has  heen  estahlished  that  the  range  of  syn^thetic  detonation  depends 

t 

on  many  factors  l  mass!  density!  detonation  velocity’  of  the  active  charge j  the 
physico-chemical  characteristics  of  tne  passive  charge!  the  natiu’e  of  'the  diarge 
container  and  the  properties  of  the  transnattug  medium  ;  in  addition  it  depends 
on  'the  direction  of  the  detenatann  of  tne  aotxve  onargo!  tne  dsmensions  of  the 
receptive  surface  of  -the  passive  charge* 

Thus!  for  approximately  equal  conditions!  the  exoitanxlity  of  tne  paM.ve 
charge  is  determined  mainly  hy  its  sensitivi'ty  towards  detonation,  and  '^he 
excitation  capablli-ty  of  the  active  charge  is  detezmined  b}'  the  detonation  velo¬ 
city,  wiaoh  oharacterises  tha  pewor  of  ■the  explosive,  and  by  -the  weight  and 
structure  of  'the  charge. 

The  effect  of  the  nature  of  the  transmitting  medium  is  deterained  by  ttie 


faot  •hVifl.+..  ^ependln"  on  tlie  nature  of  tnc  sicSiiSD.,  iTjUM.  uo.tioa.  iasea  pj.ace  tt'tno 
flaw  of  detonation  products  or  of  tho  shock  wave.  The  stronger  this  retarcUt  ion, 
the  less  v/ill  be  tna  roi»ge  of  transmission  of  sjnnpathetic  detono.tion,  i'he  mecnan^ 
ism  of  too  process  of  excitation  by  sympathetio:  detonation  reaadna  quantitatively 
invariable  for  different  transmitting  mecua  and  different,  passive  ciiarges,  although 
detonation  in  certain  oasea  is  effected  in  the  passive  charge  of  sign  e3q]^>losive 
by  tiie  stream  of  detonation  products  from  the  active  charge,  and  m  other  cases 
by  the  shock  v/ave  propagating  in  tne  mere,  medium  separating  tne  enlarges,  eto» 

Let  us  consider  in  more  detail  the  problem  of  transmission  of  a  detonation 
tnruuga  oiixei-ent  media*  We  shall  begin  with  the  tranamlssiaa  of  a  detonation 
through  air. 

A  considerable  number  of  papers  nas  been,  devoted  to  the  problem  of  trans¬ 
mission  of  a  detonation  through  sir*  in  tide  case,  part  of  tne  energy  of  the 
aotive  charge  oan  be  transferred  to  the  passive  oharBe  by  three  routes  { 
a;  by  the  siiock  wave  propagating  in  tne  air  ; 

Dj  L/y  tne  stream  of  aetonatiun  produces  and 
o)  by  solid,  partioles  impelled  by  the  explosion. 

If  occplete  detonation  of  tne  charge  takes  place  and  if  m  the  direction 
and  if 

towards  tne  pe.ssivo  ch£uge,/tue  active  charge  is  not  exiolosed  in  a  casing,  then 

the  trmsfer  of  energy  by  solid  particles  disintegrated  .as  a  result  of  rupture 

of  the  casing  can  be  excluded.  Ibaro  remains  transfer  of  energy  by  tne  alrsioclc 

wave  end  by  the  stream  of  detonation  ptoduots* 

It  has  been  established  by  experiments,  that  Stimulation  of  detonatioi  in 

charges  of  explosive  without  a  olearly^defijied  period  of  bunoing  takes  piece  only/ 

in  the  zone  where  the  parameters  of  the  shock  wavs  from  the  active  charge,  end 

the  Parameters  of  the  stream  of  detonation  poroduots  are  large  (the  pressure  at 

,  2. 

the  shock  front  p  >  200  -  500  kg/om  ).  If  the  sho^  wave  approaches  the  passive 


shiirgs  •.'rith  tlis  psrsaiauDi'a  o.u  ILo  Trunt  having  iovrar  vaa.uoS|  then  a  period  of 
■burning  always  precedes  detonationi  However,  d^at  as  in  the  first  case,  so  also 

I 

in  the  second  case,  stimulation  of  an '  explosive  transf omation  is  of  a  thermal 
nature*  This  situation  walX  explains  the  effect  of  various  factors  on  the  range 

of  transfer  of  a  detonation.  With  jnoreaslns  density  (reduoed  porisliy)  of  the  - - 

passive  charge,  the  range  of  detonation  transfer  is  inoreased.  This  is  explained 
by  the  fact  with  oeorease  in  density  the  ooeffioient  of  thermal  oonductivity  of 
the  explosive  is  deoreased.  (the  thermal  contact  between  partioles  is  worsened) .  Is 
a  oonsequenoe  of  this  a  higher  tenperature  of  heatup  ift  attained  of  the  surface 
layer  or  the  oharae.  MQreover.|._in  a  porous  charge,  as  a'  ooiisequenoe  of  break 
through  into  the  pores  of  heated,  air  and  hot  produots  of  oombustioo.  of  the  surface 
layers  of  the  oharge,  the  mass  velocity  of  oonbustion  is  sharply  inoreased,  whioh 
favours  transition  from  ooibuatian  to  detonation;  ind»  finally,  in  a  porous  charge 
with  a  low  mechanloal  stability,  as  a  resxilt  of  bhe  effect  on  it  of  the  shock  wove, 
jcactioally  adiabatic:  coepression  takes  place  of  the  air  inalusiona,  which  in  this 
oase  play  the  rrole  of  "hot  ^ts".  is  shown  by  SOIi?IiEH  end  JDSSIB  (See  Chapter  II), 
heating  up  of  the  air  in  the  "hot  spots"  to  450  -  600°C  leads  to  an  explosion,  as 
a  result  of  a  shock.  In  coder  to  achieve  this  heatup,  it  is  sufficient  that:  the 
shock  wave  should  approach  the  oharge  and  be  reflected  from  it  with  an  over¬ 
pressure  at  the  front  d  p  b  8  -  15  kg/cm^*  If  reflection  does  not  ooour,  then 
the  parameters  of  the  wave  which  will  ensure  ignition  of  the  explosive,  on  account 
of  oonpreaslon  of  air  cavities,  should  be  considerably  higher  (  i  p  a  30  -  50  kg/ca?') 
Hilagmatised  explosives,  thepartioles  of  whioh  are  coated  with  a  filci  of  lovr- 
merlting  substanoes(paxaffin,  wax  etc)  are  less  sensitive  to  the  effect  of  this 
factor,,  since  the  energy  of  the  cCDpressed  air  bubble  will  be  expended  not  on 
heating  up  and  Ignition  of  the  e^losive,  but  on  melting  the  film, 

f*nb\,iation  of  high  explosive  powders  is  easily  transformed  into  detonation, 


■  ccpeoially  if  qaantitioa  of  tlas  e:cjploslve  birnui.  IHiio  transition  to  rleto- 

nation  also  ni'omotea  retardation  of  tlio  air  stream  beliind  the  slwdc  front  on 
encountering  the  passive  charge.  In  virtue  of  this,'  the  shock  waves  v/hich  are 
capable  of  iGtiiting  tiie  e::q?loBlVQ  charge  mist  be  .considered  dangerous  from  tlio 
point  of  vievf  of  stinulation  of  detonation. 

If  the  oompreaaion  and  heatup  of  the  air  inclusions  is  of  no  significant 
magnitude,  thou  in  order,  to  determine  the  range  of  ignition,  it  is  necessary  to 
solve  simultaneously  the  equations  of  heat  transfer  from  the  heat  transfer  agent 
(•tiie  sliock  vMve)  ■Bierrcl  oondnctivitl'  equation  (xux-  Uib  pasnv/e  '  gi } 

For  this  it  is  necessary  to  know  how  the  teuperature  of  the  edr  stream  behind 
the  shoolc  front  will  vary  in  tiro  vioinity  of  tlia  passive  ciiarge.  It  is  obvious 
tliat  the  dimensions  of  the  passive  charge  will  be  of  isportant  slgnifiowioe  for 
this,  since  they  determine  the  conditions  for  the  shoolc  wave  bypassing  it, 
lloreover;  it.  is  tnportant  to  know  the  thermal  oonstants  of  the  e.:ploBive(its 
thermal  oonduotivily,'  ^eoifio  hoat,‘  ignition  teeperature) ,'  and  also  ttio  heat 
tr;  .:,fer  factor  from  the  air  in  the  shook  wave  to  tlic  e:plo3ive  and  its  depen- 
donee  on  the  various  factors,  3ho  solution  of  this  problem  presents  well-iaiorai 
.difficulties  and  at  present  it  oannot  be  aocorrplished  suffLoiently  accurately, 
in  view  of  the  fact  that  we  do  not  loiow  a  number  of  the  quantities  involved. 

They  mist  be  determined  experimentaldy. 

In  principle,  the  problem  of  ignition  of  an  esplosive  charge  by  a  shock 
\mve  in  air  jnay  be  solved  according  to  Iho  following  sohorne.  As  a  result  of  -Jhe 
.ouon  on  tl.o  enplool™  0.^50  ly  neatin^  up  of  -tho  cIuu.eo  t.*o. 

yluoo  only  in  a  thin  layer.  Uio  tei^oraturo  of  the  surfaoe  layer  Is  aoteiMLnea 
by  tw  prooeeee.  ,  tranefor  of  heat  f™.  tho  air  haatad  ly  tha  e.hook  wave,  and 
tbo  r.^v.1  Of  heat  to  the  d^th  of  th,  oharso  .  If 'ti»  flow  of  he.t  from  tho 


Jt  XU»  -.j!*  J.U^  J—  -  n-...-J-t-  — J.J  -1.  J  _  - 

fiVfVtx  IfMV^  WACWWM  ^AA  W  V*A^  41K,*«0*J  WA«  (MAW  WAACM  ^'jW  CV  UlA  TfiiUlaWll  aJsS  UW^jL** 

sidsraTaly  leaa  than  the  linear  dimonsiuna  of  the  oliai'ce  to  tlie  fane  opposite 
from  the  vnxvQ)  tlicn  t!io  charge  may  ho  considered  os  a  plane  vrall.  In  this  case 
only  the  thermal  flow  need  "be  considered  in  a  direction  perpendicular  to  the 
surface  on  \'virLoh  the  shook  wave  acts.  Talcing  into  .account  the  small  penetration 
of  the  ohstaole  (even  for  penetrating  shock  waves  toey  cro  no  more  than  a  few 
mm  ),  the  process  of  heat  transfer  may  he  assumed  to  he  one-dimensional,'  It  ia 
desorihed  by  the  foUpvring  equation .: 

oc—  =~  (-n 

houndaiy  oonditiona  are 

tl-gJ=-«(7’a-7’). 

for  ^<=»0  ,  T<=Ta  iov  aiy  value  of  *  , 

for  .ic-»oo  ,  r*=r^  for  any  value  of  t' 

• 

Here  p,c'  ,  end  '  n  are  the  density*  ^eoifio  heat  and  thonnal  oonduotLvlIy  of 
the  explosive;  a  is  the  heat  transfer  factor,  T.  is  the  terperaturs  of  the 
explosive  (for  * '  o  0,'  f  is  the  tenperature  at  the  surface  of  the  ojgjlosivc), 

T'o  is  the  tenperature  of  the  heat  transfer  agent  (the  tenperature  of  the 
in  the  shock  wave). 

The  mechanism  of  the  process  of  ignition  of  tlie  ei^ilosive  hy  tho  shoolc 
ivBve  is  essentially  not  Different  from  the  meolionism  of  ignition  of  an  esplo- 
sivtt  by  a  burning  gas,  y/faloh,'  aoeprding  to  K,K.ANIfflE2BV  may  be  postulated  in 
tho  follov/ing  manner,  '(Then  the  teinperature  of  the  surface  layer  reaches  a 
certain  limit  (the  boiling  point  for  volatile  explosives  or  the  tomeratm-e  of 
gassifioation  and  partial  dceonposition  of  solid  and  non-volatile  e;q:,loaive3}, 
or  tot  p^tuot.  of  doooi^ooltioh  tooa.  .  o„^ 

^OO 


iil;ui;k  wave  penetaratss  into  tlie  mass  of  the  cliarga  to  a  depth  •which  is  con- 
siderahly  '  <130  -than  the  linear  dimensions  of  the  oharao  to  the  face  opposite 
from  Ihe  wave,  then  the  charge  may  he  considered  as  a  x)lano  vrall.  In  •this  case 
only  the  thermal  flow  need  he  considered  in  a  direo'tion  perpendicular  to  the 
surface  on  ’rf'dch  -the  shoolc  wave  acts,  lolclng  into  aooount  'the  small  penetration 
of  -the  ohstaole  (even  for  penetrating  shock  v/avos  they  are  no  more  than  a  fev; 
mm  the  process  of  heat  transfer  may  he  assumed  to  he  one-d±mensional«'  It  ia 
desorihed  hy  the  foll<>vri.ng  equation 

^dT  d  (  dT\- 

-57)  • 

Xhe  boundary  conditions  are 

tl-g=~<r,(ra-7’). 

for  ^=0  ,  ■  7*=7’d  fo J  aiy  value  of  , 
for  ,ic->'00  ,  r=a  7’^,„for  }iny  ■^ue  of  t.~ 

Here  p,  c '  ,  and  '  ij  are  Iho  density,  i^eoifio  heat  and  thermal  oonduotivily  of 
the  esplosive,  a  is  the  heat  transfer  factor,  T- is  the  terperature  of  the 
ejplosive  (for  * '  a  0,'  f  is  the  teaporatura  at  the’  surfaoo  of  •the  e;^losive) , 

^0  is  the  tempera-ture  of  the  heat  transfer  agent  (the  teaperature  of  the  air 
in  the  shock  wa've). 

She  mechanism  of  -the  process  of  ignition  of  tlio  e:plosive  hy  the  shook 
TOve  is  essentially  not  ciifforent  from  the  meolwnism  of  ignition  of  sui  esplo- 
siva  hy  a  burning  gas,  •v'hidi,  according  to  X* K» may  he  pes^tulated  in 
•the  follovdng  manner.  Ydiea  the  tenperature  of  the  surface  layer  reaches  a 
certain  limit  (the  boiling  point  for  volatile  explosives  or  the  tei;peratia'e  of 
gassifloatlon  and  partial  deoonposition  of  solid  and  non-volatile  ojplosives), 
or  tho  flrot  proaoofa  of  a.oo«i„dtio„  „o  for».a. 


■volvuno  speoific,  heat,  they  are-  rapidlor  heated  up  to  a  ten^erature  at  vMoh 
exDthcnnio  reaotiona  proceed  ^th  high  velocity,  !•  e.  ignition  ooourB. 

Iho  direction  of  flow  of  the  hot  air  behind  the  ahode  front  promotes 
acceleration  of  the  progress  of  the  gaseous  reactions.  Hiis  is  e:q>lainod  "by 
the  presence  in  the  ho^  air  of  ions  and  radicals,''  and/moreo'ver,  the  directional 
flow  leads  to  an  increase  in  tiie  number  of  oollisions,*!.  e.-  it  leads  to  an 
increase  in  the  number  of  elementary  reaotiou  events  per  imlt  time.  IChe  effect 
of  directional  flow  on  acceleration  of  the  reaction  is  obvious  from  the  follow¬ 
ing  ezQsple  noted  ty  RAUD.  An  ethylene  -  air  mixture  is  ignited  at  a  ten^iera^ 
tore  of  T  a  1464%  ty  adiebatio  ooa^resslon,'  but  it  is  l^iited  in  the  range 
of  ten5)erature  704  -  726®K  by  the  action  of  a  shook  wave  (  In  a  shook  tiibe)#, 

If,hcnravior,‘  at  the  instant  of  ignition  it  is  stopped  by  the  action  of 
the,  external  souroe  of  heat  which,'  in  the  oasewe  are  oonsldaxd^,'  iirplies 
rarefactions  originating  at  the  surface  of  the  charge,'  then  the  process  in*or, 
d^ondlng  on  the  depth  of  the  heated  layers/  either  die  out  or  it  may  be 
converted  into  a  stationary  process. 

In  the  case  when  at  the  beginning  of  rapefaotion,.the  tenperature  dis¬ 
tribution  in  the  heated  Ityer  is  establlahed  by  the  corresponding  >infnu»i 
oombustiop,'  then  Ignition  trsnsforms  into  normal  oombustlon. 

If  on  the  charge  there  ants  an  intense  shook  wavs,'  but  of  small  d^th, 

ignition  may  not  ooeur,  sinoe  the  surface  temperature  after  this  time  does 

not  attain  oritloal  If,'  hovrevw/  the  surfaoe  tenperaturo  also  becomes 

equal  to  ,  but  the  thiokness  of  the  heated  layer  is  less  than  that  \7hioh 

coire^nda  to  stationary  oonibustion  under  the  given  conditions,  then  ignition 

does  not  transform  into  normal  oombustion,  sinoe  the  heat  received  will  not 

oonpensate  the  heat  transfer  dn  the  d^th  of  the  substance.  In  this  case  the 

tenperatire  gradient  will  be.  greater  than  the  corresponding  stationary 


combus+.inri;  !ilHc  d.epsxi5c  on  the  cx^ass  WA*  lieai  iransfer  over  heat 

reoeived.  On  this  is  taaed,  in  particular,  extinction  of  a  oonibustible  poT/de-’- 
In  a  reaction  ohaiiiber  as  a  result  of  repulsion  of  the  Jet.' 

By  sol'ving  e(auatlon  (96.1)  for  ■the  tioundaiy  conditions  of  equation  (96.2), 
tiia  ignition  -feiiae  may  be  detorminodj  i,  e.  ■Ui©  -time  required  "to  attain  a  definite 
•tanperatare  at  tlio  a^rfaoe  of  the  charge,'  Wo  note  that  -the  tenperature 

"dri't.  iiuiopendent  of  ■the  fla-sh' point,  as  defined  in  Chapter  U,  Au'tooata- 
lytio  reectiona  exert  a  s-trong  influence  on  -the  process  for  normal  ^ark 
ignl-tdon.  She  flash  point  depends  on  "the  mass  of  eaplosi-ve,  ■fche  conditions  of 
determination  and  a  nunher  of  ether  factors,  ffor  ignition  of  explosives  by  a 
shook  wave,'  as  a  oonsequenoo  of  "ttie  fact  ■that  its  reaction  time  is  small,'  one 
oan  nagleot  in  -the  great  majority  of  oases  the  energy  llbere  tod  'by  chomiool 
reaotlona  in  the  solid  phase  in  the  e  xplosiv®  as  a  result  of  heating  it  up  to 
a  tenperatoro  7"^^  i‘  ^^hioh  may  be  assumed  to  bo  dose  to  the  boiling  point 
or  to  the.  ‘ti^perature  of  oommenoement  of  Intense  deoonpositioir. 

Xbe  solution  of  eolation  (96«l)  for  a  solid  semi-fipaoe  vdth  a  plane 
wall  has  the  following  form  t 


Ar.(x;  [Ta  (t)-  ^(t)]  (f (96. 5) 

0 

where  'f  (  t')  Is  -the  eurfeoe  teaperature  at  time  x.  and  ,  T^i  t)  is  -the  t(sn>> 
pera-ture  of  the  heat  transfer  agent,  For  the  surface  of  a  charge  of  explosive 
(.x,a  0  )  rela-tionship  (96.5)  is  considerably  sdspllfied  t 


-i  r  -1 

17’  (0;  t)  =  (npcii)  >  J  a  (x)  [  Ta  (x)  —  T  (x) J  (#  —  x)  »  rfx.  (96, 4.) 

0  ' 

If  the  heat  transfer  factor  o  ,  and  the  difference  betweeii  the  tsnpera- 
-tures  of  the  heat  transfer  agent  and  the  surface  of  the  ohaxgo  bo  aubati-;  ited 
by  their  average  values,  then  we  arrive  at  the  following  expression  : 


vdiera  To  is  the  initial  tenporature  of  the  eyr  aive. 

At  the  inatant  of  ignition  T  a  an  '  the  ignition  time  in  aocordance 

with  relationship  (,96,5)  will  he  equal  to 


..0.785i^« 


(96.6) 


PoMula  (96,6)  was  pmpoaed  in  this  fora  hy  ya.M,  PAUSHKIN, 

lITe  note  that  in  solving  equation  (96.1)  and  in  the  derivation  of 
relationship  (96.6)(  c,  p  and  n  have  been' assumed  to  be  oonstonts,'  Selationship 
(96,6)  enables  us  to  analyse  qiialitativoly  the  effect  of  various  factors  on 
the  sensitiviiy  of  ejcplosives  to  ignition  by  a  shook  wave. 

It  is  found  that  the  density^'  epeoifio  heat«  thermal  oonduotivity  and  the 
oxitloal  tenperature  exert  the  prinaxy  influence  on  the  sensitivity 

towards  ignition  of  an  ejplosive.  depends  on  the  external  conditiono, 

primarily  on  the  pressure,  but  tMs  relationship  has  not  yet  been  established. 


If  ignition  is  aooonpUshed-  by  shook  waves  of  not  very  high  intensity, 
^orit,  ejqolosives  may  be  assumed  to  be  equal  to  the  boiling  point, 

wtiloh  for  trotyl  gives  T  «  S10®0  and  for  hexogen  T  b  265°0',  With 

^  orit, 

increase  of  speoifio  heat,  the  quantity  of  heat  required  to  heat  upthe  substance 
to  the  temperature  iiwreases.  Ihe  thermal  oonduotivity  also  exerts  a 

similar  influence.  For  approximateOy  the  same  conditions;  its  reduotion  will 
bring  about  a  hi^or  value  of  the  tenperature  at  the  surface  of  the  e:g)losiva 
charge.  Increase  of  the  theraal  oonduotivity  and  of  the  specific  heat  may 
ejqplain  the  poor  ignitibility  of  phlegmatised  «s,losives  in  oorparison  with 
the  iwre  eaplosivea,  Hius;  for  hexegen 


Tl«  5  •  10"^  oaVora»'seo.  deg,  ,  c,  «  0,54  ca^/om''  de&'i 
and  for  paraffin 

il  =  '  6,4  •'  10“^  ofij/onw  seo, de&'j'  c,.=  0,64  oal/aa^  deg, 

-  According  to  this  same  principle,  the  ignitions  conditions  are  iii^:rovod 
^th  decrease  of  density,'  since  as  a  result  of  this  the  ooeffioient  of  thermal 
conductivity  is  decreased  and  the  heat  transfer  factor  is  lnoreased(  on  aoooxtnt 

of  tho  increase  in  tho  specific  surface).  According  to  data  hy  A.?.  BSL^AZDV, 

—4  /  5 

Ti  a  4*8  •  10  for  trotyl  Td.th  a  density  of  1.56  g/cai  ,  and  for  trotyl  T/ith 

a  density  of  0u8S  ii.b  S.5  oal/on,  sea*  de& 

The  tlicrmol  oonduotlvity  also  depends  to  a  oonslderahle  extent  on  the 

grain  size.  In  powdered  materials  made  of  small-sizea  grains,  the  .thermal  oon- 

duotivlty  is  low,  heoause  of  the  poor  thermal  contact  hotaTeen  tho  grains*  The 

improvement  of  ignittbility  with  reduotion  of  density,’  as  already  mentioned 

above.  Is  escplainod  hy  the  possible  infusion  Into  the  pores  of  the  hot  products 

of  deoonposition  of  the  ej^jlosivo  and  of  hot  air*'  which  may  lead  to  ignition 

of  the  deep  layers  of  an  explosive  charge. 

The  easy  ignitjUjility  of  initiating  explosives  may  150  ejgplained  by  their 

low  spepifio  heat  and  low  thermal  oonduotlvity,^  Thus,  for  mercury  fulminate  at 

P’  B  S.8  e/obP  ,  r,  a  0,1  oeOy^&oQ 

and 

—4 

’l,  a  2,85  •  10  oeO/cov  sec,  de& 

The  ignition  time  depends  strongiy  on  the  intensity  of  the  heat  flow, 
which  is  determined  by  the  tenperature  of  the  heat  transfer  agent  and  ty  the 
heat  transfer  factor.  The  very  oonaiderablo  difficulties  in.  calculation  are 
aue  to  the  di.fficulty  in  detenmLning  the  heat  transfer  factor  «  ,  ;vhioh  is  a 

of  It  ^  ^ 


of  the  lealls  (of  the  eaqplosive  chaise  )*  am  the  tenrner-a.+.nrw  ^  pressure  sni 


flow  velocity  etc. 

t/alues  of  are  usually  detexmined  by  an  experdjoental  methody  and  the 
deteitonatiop.  of  «  fear  apo-atationazy  flow  ia  parbioularly  ccmplex*  hovraver, 
as  O.FalUBIC  ahowed,  when  the  remaining  faotora  are  vaxded  withia  zwlatively 
naiTOir  limita,  the  hent  tranafer  factor  «  oan  be  assumed  to  be  a  fUuotion  of 
the  pareaauve  and  the  ten^rature  dlfferenoe  between  the  wall  (the  suirfaoe  cf  the 
aa^oaive  oharge)  and  the  air  aaqpsesaed  by  the  shoede  wavs,  i.e. 

(AT-.,)",  (96i7) 


where  k  ^  m^and  n-are  ooeffioients  eatahliahed  by  the  es^rhaent. 


In  oorder  to  solve  the  problea  of  ignition  of  agpleslve  ehorges  by  a  shook 
wsvs  ia  airi  it  ia  ossentlsl  to  know  the  te^peraturs  distribution  behind  the 
abode  fjront  or  the  veriation  of  tenqperature  of  the  air  ocopreseed  by  the  wave 
as  a  fOnotion  of  tine*  TOr  j^ane  shock  waves  or  for  itpheriokl  waves  with  a  large 
radius  of  ourvature  (beginning  at  iO  -  12  diaxge  radii)  it  o^  bs  assumed  without 
a  large  error  that  the  tesipsratuxe  falls  linearly  with  tlos*  She  toperax 

ture  of .tlie  wave  is  equal  to  the  tea^peratura  of  the  sir  at  its  frent,  but  the 
final  temperature  dq;>ends  on  tne  fact  that  iqp  to  a  oertain  value  the  pressure 
falls,  iooording  to  SXiNYDKOVIGH  ,  Tf  ■  4fi0 . 4^^  for  ■  1  aim,  and 
Tjy,  a  530  -  550®K  for  p  ■  0.6  atm. 

On  arrival  of  the  abode  wave  at  the  oharge,  if  toe  aurfaoe  is  and  if 
it  is  disposed  nomal  to  the  direction  of  motion  of  the-  mve,  refleotion  oooura. 


e.a  a  result  of  the  pressure  inoowaaes  ahaopOy,  i.e. 

s6d  the  air  density  in  the  zwfleoted  wave  is 

^Pt  +  P\ 


Pa  =  Pi 


P\  +  ^P\  ' 


(9e,8) 
(96;  S) 


<^0  ^ 


izharo  Api  and.  pi  are  tha  overpressure  and  rtrnRmw  tbs  of  Uto  iuioidont 


wave  reapeotively»  Apj  and  are  the  overpressure  and  pressure  at  the  firont  of 
the  refleoted  wave,  and  p  ^  and  P2  are  the  densities  of  the  air  hehlnd  tla 
f^ronts  of  the  incident  aid  refleoted  rhodg  waves* 

For  the  derivation  of  aq.uatica£'.  (96.8)  and  (96.9)  it  has  been  assumed  that 
k  s  c^ic^  ■  3u4  .  Simultaneously  with  refleotiont  a  rarefaction  wave  be^ns  to 
move  Aron  the  edge  of  the  charge  towards  the  oentre*  She  time  of  action  of  the 
refloated  pressure  vqp  to  the  establishment  of  the  flow  regime  is 

'  «fi  ■  . 

tct, 

where  ^  is  the  nrinlmum  lateral  slse  of  the  surface  on  whldi  the  sliot^  wave  aots, 
and  O',  is  the  average  velooity  of  the  zwprefaotion  nvrt,  iddoh,  for  small  ob> 
atacles  may  ba  assumed  to  be  equal  to  the  velooity  of  sound  in  air  in  the 
refleoted  shook  wvye. 

Knowing  p,  and  p  ^  ,  we  oan  datexnine  the  initial  tamperature  Tt  in  the 
abode  wave  at  the  instant  of  its  refleotlon.  For  s  time  t  ,  s  stream 

of  air  will  aot  on  tbs  explosive  charge,  air  wiiioh  has  been  retarded  near  the 
surface  of  the  oharge*  If  it  be  assumed  tbst  the  speoiflo  heat  of  the  air  is  oon- 
sbant,  then  the  drag  teisperature  is 


drag 


7,+  A, 


u»  ' 


-P 


^  ^  mechanical  equivalent  of  heat.  Assuming  that  for  air 

Cp,  a  0.24  koal/kg.deg,  we  obtain 


T  +. 


(96;il) 


.  drag  •  2000 

where  T  and  u  are  the  teoperature  and  velooity  of  the  air  in  the  moving  shook 

r 

WaVe  after  eonqjletloa  of  reflection,  i.e.  for  t  «  Since  w»  are 

assuming  that  the  air  tenqserature  in  the  shock  wave  varies  linearly  with  time, 
it.  is  suffioient  to  detezmloe  T  and  u  at  tha  instant  of  oon^etion  of  reflection. 
Assuming  also  that  u  varies  linearly,  we  oan  write 


Cf 


ay  _  r  _ /  u  \» 

A^~  77-i7«r;  *  (96.12) 

Trtiere  A/)i  t  T’l  'and  u  fire  the  overpres£ure.  teniperature  and  velocity  of  tlie 

air  at  the  ahodk  flrant.  Xf  it  he  assumed  that  in  the  shook  nave 

-$ 

<9e.s) 

nhere  i  is.  the  time  of  aotioh  of  the  shook  trave,  whioh  oan  be  determined  by 
M.A.  SASOVSKlI's  foormula,  then  using  relationships  (96.10),  (96.ll)  and  (96.12) 

Ap  f  T  and  u  oan  be  found,  at  the  instant  of  completion  of  reflection,  l.e. 
for  ^  =  • 

Ihe  variation  of  the 
air  temperature  for  the  oase 
nhen  the  shodc  wave  is  incident 
on  a  oharge  of  explosive  is 
ahoim  in  Slg.25l(  .bent  ’lins>  !)• 
In  the  oase  nhen  the  shook  nave 
skims  along  the  surface  of  the 
charge,  the  variation  of  temperar 
ture  of  the  air  is  depicted  in 
the'  same  figure  by  the  straight 
line  (straight  line  2).  The 
violation  of  temperature  at  the 
surface  of  the  e:iplosiveoharge 
with  time  is  shown  by  curve  5. 

It  oan  be  oonstruoted  if 
relationship  (96.7)  is  used  for 
■tiv  ,  dividing  the  integral  in  (96.4)  into  intervals  end  taking  out  in  each 
interval  a(T).  and  [Ta,  t)  —  with  the  meani  valties. 


Figure  251.  Variation  of  air  teoperature  in 

the  shook  wave  and  the  tenpera* 

ture  of  the  surface  of  the  e»> 
plosive  oharge  as  a  result  of 

sn  approsohlog  shook  wavs. 


f 


.  It  is  obvious  that  ths  transf ei*  of  heat  from  -hhe  oir  heated  by  '  £, :  shcdc 
wave  to  an  explosive  oharga  will  take  place  as  long  as  their  temperatures  do 
not  become  equal*  VThen  the-  sxnrfaoe  ten^rature  attains  the  value  ,  ignition 
will  take  place,  iyom  tbe  ourvea  presented,  in  ?ig. 251,  it  follows,  that  -with 
increase  in  the  time  of  aotion  of  the  shock  wave  with  the  ^eclfied  parameters 
at  the'  shook  firont.  Ignition  of  the  erqslosive  charge  is  more  probable,  the 
greater  Is.  ths  time  of  aotion  (depth)  of  the  shock  wave.  It  is  clear  also  that 
if,  as  a  result  of  reflection,  the  teir^rature  of  the  air  in  the  shook  wave  does 
not  rise  above  7’*',  then  even  for  very  laige  times  of  aotion  (several  seconds) 
ignition  of  the  oharge  will  not  occur.  Por  the  values  of  talcen  above,  this 
means  that  a.  shook  wave  wi-th  an  overpressure  of  1.65  kg/cm  cannot  ignite  trotyl. 

Sinoa  the  time  of  reflection  depends  on  the  charge  dimensions,  then  it  is 
olear  that  if  they  are  increased, the  probability  of  ignition  of  a.  oharge  by  a  . 
shook  wave  of  given  intensity  should  be  Increased.  .As  a  result  of  this,  we  must 
understand  by  oharge  dimensions  not  only  its  own  dimensions,  but  also  the 

••  J 

dimensions  of  ths  obstacle  near  whi.oh  the  oharge  la  placed,  detexminlng  the  time 
of  reflection. 

Prom  the  foregoing  brief  analysis  of  the  prooess  of  thezmal  ignltloa  of 
e*’plo8ive  charges  by  a  shock  wave,  it  follows  that  tld.s  prooess  cannot  be  des¬ 
cribed  by  a  single  emplrioal  relationship,  since  the  range  at  whioh  ignition  may 
be  aocooqillshed  depends  on  a  very  large  number  of  factors. 

As  already  mentioned  above,  ignition  may  convert  into  normal  oombustion 
if  at  the  instant  of  oessation  of  the  aotion  of  the  heat  transfer  agent  a  heated 
layer  is  formed  within  the  explosive,  corresponding  to  the  sx>eoified  conditions 
(pressure  and  temperature).  K.K.ANI3RPISV  reckons  that  the  supply  of  heat  in  the 
heated  layer,  neoessazy  for  normal  oombustion,  ma^  be  a  criterion  of  the  igniti- 
bility  of  '  a;  substanoe. 

f  of 


•  ev 


Assoiiiine  timi  iji  the  conhensiod  pnase  tnere  is  a  ten^orature  dlstri'butiori, 
do  torrained  hy  tho  thermal  oonduotivity,  the  ten^ierature  T  can  "be  determined  ot 
a  distanoa  x  from  the  surface  of  tlie  charge,'  as  shorn  in  Chapter  X  i 

“a 

T'=^o  +  (T,~To)e  'f-  ,  C96.14-) 

where  u  is  tho  'buining  velocity  and  (a  =  is  the  thermal  diffusivity  factor, 
!Qio  quantity  of  heat  in  the  warmed-up  layer  is 

GO 

Q  =  /  V(7'-7’o)i/^  =  |(r*-7’o).  (96.15) 

0  ,  • 

It  follows  from  (96,15)  that  for  two  suhstanoes  with  equal  and  ri  hut  different 
■buming  velooities,  the  e^q^Aosive  which  has  tho  greater  burning  velocity  will 
have -the  better  ignitibility,  since  the  supply  of  hoat  in  the  wsjnaed-up  layer 
necessary  for  ignition  is  inversely  proportional  to  the  burning,  velocity,' 

Relationship  (96,15);  aa  pressed  bv  K,K.  MDRBISV,  reflects  tho  effect 
of  tlie  initial  temperature  and  pressure  on  the  ignitibility, 

AltDREYEV  considers  that  in  order  to  aeteiminQ  the  ignltibility,  tlio  meth'Od 
should;  on  principle,  really  be  one  in  vdiich  the  surface  of  the  substance 
should  be  exposed  to  the  action  of  a  chemically  inert  heat  transfer  agent  at 
a  temperature  equal  to  the  combustion  tenperature  of  the  substance, 

We  think  that  a  sliooli  tobe  oan  bo  used  suoooss^^^lly  for  this  purpose,  in 
which  are  generated  sliock  waves  of  defined  intensity  and  deptli.  Eio  parar/ieters 
of  the  waves  in  tho  sliock  tube  should  be  detenrdnod  with  sufficient  aoouraoy 
by  calculation  and  also  established  e'vperimantally.  In  this  way  tiie  cliaracter- 
istics  and  time  of  action  of  the  heat  transfer  agent  are  established  eiinil- 
taneously.  In  order  to  deteiinino  experimentally  the  ignition  time  os  a 
of  the  action  of  shook  waves  of  different  intensity,  the  themal  ohai’aotsristics 
of  the  ojqiloslve  (t), '  Tu  ,'  the  storage  of  heat  etc)  may  also  be  established  by 


xni,3  metnocu 


T7c  shall  noSr  condider  the  ej^erimental  material  ivi  th  respoot  to  the 
effect  of  the  various  factors  on  the  reois^  detonation  transfer  through  air. 

Eio  density  of  the  e^^losive  in  the  active  oharge  exerts  a  considerable 
influence  on  the  range  of  trnnamiBsion  of  a  detonation.  With  increasing  density 
of  the  charge,  the  range  of  transmission  of  detonation  is  increased.  Uie 
increaac  of  tlie  I'a-sigo  of  transmission  of  detonation  v.lth  increase  in  density  of 
the  active  charge  is  not  auiprislng,'  since  the  detonation  velocity  and'  the 
stream  velocity  of  the  detonation  products  associated  vdth  it,  and  of  the  shod: 
'.mve  Increases  ^rL■^h  increase  in  density.  It  should  be  noted,  however,'  tliat  for 
active  cliarges  v/ith  small  wei^ts/  the  range  of  transmission  depends  to  a  very 
slight  extent  on  their  density,  since  the  effect  of  the  density  is  exerted  on 
the  shook  wave  parameters  only  at  small  distances  from  tlie  charge. 

Table  12S 

Sffeot  of  tlie  oaaing  of  the  active  oharge  on  the  range  of 
transmission  of  detonation. 


Nature  of  casing  of 
active  ahorge 

Density  of 
active  oharge, 
e/anfi 

Density  of 
passive 

^om 

cm 

cm  ■ 

Ho 

CDl 

Paper 

1.25 

1 

17 

19.5 

22 

Steel,'-  -with  a  wall 

thickness  of  4.5  mm 

1.25 

1 

25 

26 

29 

'  Paper 

1 

1 

15 

14 

15 

Lco-d,  witli  a  wall  thlok- 

ness  of  6  mm,  oharge 

enclosed  by  tlie  sides 

1 

1 

18 

22 

26 

_ £f.  the  cr.-ijsuls _ 

_  ^ 

Footnotes,  Hore  and  henceforth  ./?f*  is  the  limitin£  r«n£A  mwA.?- 
ponding  to  10^  stimlatior?  of  detonation  of  the 
passive  charge, 

is  the  range  oorrei^onding  to  5C^  stiumlaticn  of 
detonation. 

Is  the  minimun  range  corresponding  to  lOC^  failure,- 

The  range  of  transniission  is  practically  independent  of  tlio  initial 
tenperature  of  the  active  charge.  Thus,  for 'a  Pi>?ure  252.  Effect  of 
variation  of  the  initial  temperature  from  mutual  arrangement  of 

0  to  100®0  the  range  of  tranamission  of  charges  on  the  range  of 

detonation,  as  determined  in  an  experiment  transmission  of  detonation, 

^vlth  charge  a  of  piorio  acid  irelghlng  50  g, 
varied,  relative  to  a  passive  charge  of 
this  same  e^rploslvc,"  from  18  to  19  on. 

The  casing  in  which  the  active  charge 
is  enclosed  ererts  a  oonsiderahle  influenoe 

Arrangement  A 

on  the  range  of  transniission  of  detonation. 

Thus,  in  experiments  ^vlth  standard  oharges  of 
picric  acid,'  it  was  established  that  by  replacing 
a  easing  of  thick  paper  by  a  steel  case  with  a 
thickness  of  4. 5  mm,  closed  at  both  ends,'  and 

of  length  equal  to  the  length  of  the  charge,  Arrangement  B 

the  range  of  transmission  of  detonation  inoreased. 

The  variation  of  range  of  transmission  of  deto¬ 
nation  is  Illustrated  by  tiie  data  in  Table  125. 

The  effect  of  lateral  covering  of  a  charge  is  explained  by  the  somewiiat 


Tilicu  Lionai  action  of'  tne  e:icpJ.osion  created  by  the  casing,  i.e.'  by  an  increase 
in  the  active  portion  of  the  charge. 

Hie  range  of  tranamiasion  of  detonation  will  be  a  tnaxiEiUJti  in  the  case 
viien  the  position  of  liio  passive  charge  coinoides  ^vith  tho  direction  of  initi¬ 
ation  of  the  active  oliargc,  Ihis  is  ej^jlained  by  the  fact  tiiat  in  tlio  direction 
of  propagation  of  tlie  detonation  wave,  tlie  initial  velocity  of  flew  of  the 
detonation  products  is  considerably  hifjher  tlian  in  other  directions.  This 
problem  has  been  studied  in  oharges  of  fused  piorio  acid  vdth  a  %7eiglit  of  4  kg, 
which  in  some  oases  wore  arranged  aooording  to  layout  A,'  and  in  ottior  oases 
aooording  to  layout  3  (l^g,252),  Tho  results  of  these  ejgseriments  are  shov,n 
In  Table  124, 


Table  124 

Effect  of  position  of  the  passive  and  active  oliarges 
on  tho  razige  of  transmission  of  detonation. 


Effect  of  posi'bion  of 

2 

Donsi-ty,  q/ostl 

oharges 

cm 

.  cm 

CIS 

Active 

charge 

Passive 

oliarge 

Aooording  to  layout  A 

75 

85 

95 

1,35 

Aooording  to  layout  B 

15 

20 

25 

1,56 

1.6 

By  pointing  ■llie  active  and  passive  oharges  wilh  a  tube,  even  of  flimsy 

material,  •(ho  range  of  “transmission  of  detonation  is  shaiiily  increased,  Tho 

/ 

resxalts  of  ej^erlraents  wi-lli  piorio  acid  charges  of  weight  50  g,  ai'o  presented 
in  Table  125. 

According  to  data  by  SHEKHTEft;  by  joining  chaiges  with  a  cellulose 
footate  lube  ivi'Ui  a  wall  thiolmess  of  0,15  min,  tho  range  of  transmission  of 
aetonation  is  increased  by  40  -  5C?S  .  Uiese  e:qoeriments  ^vero  carried  out  vrith 


A  ■ 


passive  charses  of  tro-tyl,  and  the  active  charges  were  of  phlegmatised  hexogeru 

Table  125 

Transmission  of  detonation  as  a  result  of  confined  flight 
of  tlie  detonation  products  from  the  ’ 

active  charge. 


Mctiiod  of  confining  medium, 

separating  charges 

Density, 

1 

_ 

R 

oO 

Cm 

Active 

charge 

Passive 

charge 

Cylindrical  steel  tube  ^7ith  diameter 

29  lan  (equal  to  diameter  of  tha 

charge),  wall  thiclcness  5  ran 

1.25 

1.0 

125 

Cardboard  tube  with  the  same  dlmen- 

sions  ;  vrall  thickness  1  raa 

1.25 

■  1.0 

59 

Ncn-chaimelled  medidm  between 

charges* 

1.25 

1.0 

19 

The  effect  of  Ihe  weight  of  the  active  charge  on  The  range  of  trans¬ 
mission  of  detonation  is  illustrated  "by  the  data  in  Table  126, 


4 

I 


f^n-hlo  IW 

Dependence  of  range  of  -transraission  of  detonation 
on  v/eight  of  active  charge. 


v/here  K  in  tliia  case  is  equal  to  0,58,  if  is  tlio  vreight  of  tlio  charge  in 
kUogromnes  and  Rso  is  in  metres,  Relationship  (94,16}  satisfactorily  expresses 
tho  relationship  hetween^  R  aiad  <f  for  charges  v/itli  vreights  not  exceeding  a  fev; 
hundred  Mlogrammos.  Eae  value  of  the  coefficient  K  depends  on  1iie  c}.aractein sties 


or  the  aotive  and.  passive  olmiHOS  •'d.  on  the  conditions  under  which  stimulation 
occurs.  The  value  oi*  the  cooffic'’''..  K  is  sho-.m  in  Table  127  (data  by  BYinJLO) 
for  a  ntimber  of  combinations  of  ao-.._ve  and  passive  charges  in  light  cases,  as  a 
result  of  transmission  of  detonation  through  an  unoonfinod  atmosphere,  li’or 
charges  vrith  weights  exceeding  1000  kg,  relationship  (96.16)  gives  several  exag¬ 
gerated  valuesfor  R.  The  power  index  n  associated  with  q  for  these  charges  is 

■3  <  'I  •<  Y'  • 


Table  127 

Values  of  the  coefficient  K  for  a  number  of  combinations  of 
_ active  and  passive  charges. 


JLotive  oharge 

Passive  charge 

Explosive 

Derusifar, 

s/car 

Explosive 

Density 

g/om® 

■ 

Remarks 

In  light  oases 
letryl 

1.25 

Melliixite 

1.0 

0.54 

Trotyl 

1.25 

Mellinite 

1.0 

0,55 

Uellinlte 

1.25 

Trotyl 

1.0 

0.50 

It 

1.25 

I^oxylin 

1.0 

0.50 

It 

1.25 

Diniphtl-^flllite 

1.0 

0.20 

ft 

1.25 

It 

1.55 

0.05 

It 

1.25 

Mellinite 

1.55 

0.40 

tl 

1.25 

Tetryl 

1.55 

0.50 

In  wooden  pax]l<ages 

Nitrooollulose  powder 

Nitrocellulose  powder 

- 

0.10 

At 

gravi- 

matrio 

Ammoniisn  nitrate 
explosive 

ibmionium  nitrate 
explosive 

0.25 

Chlorate  explosive 

‘ 

Chlorate  explosive 

- 

0^40 

density 

Relationship  (96.16)  has  been  established  for  stirctly  defined  ejqperi- 


mental  conditions,  which,  of  course,  are  not  reproduoibla  in  «n  oases.  Therefore 


tho  ranga  of  traiissilaaion  of  fl«+-on“tion  "be  Caioulo-Leu  in  evory  actuaJ. 

case  from  tne  properticp  of  tae  active  and  passive  charges,  their  geome-j^  and 
their  mutual  arrangement. 

Tho  density  of  the  passive  charge  exerts  a  powerful  influence  on  tne  range 
of  transmission  of  detor.ataon.  According  to  BYuEIiOla  experiments,  the  range  of 
transmission  decreases  linearly  vdth  increase  in  density  of  tne  passive  charge, 
for  active  charges  of  mellinite  ^vith.  a  weight  of  50  g.  this  relationship  is  as 
'  ahovm  in  fig.253. 

Sane  data  on  the  effect  of 
density  of  passive  cnargos  of  tro- 
and  phle^natised  hexogen  ob¬ 
tained  by  SEEXffiTER  by  using  mirror 
scanning  is  ahoim  in  Table  128. 
Qyliz;drioal  passive  charges  vrere 
used  for  this,  with  a  diameter  of 

25*2. 2cm.  The  active  cnarge  v/us 
pldc^uatised  hexogen  with  a  denr 

sity  of  1.60  g/ca®,  a  diameter  of 

23.2  mm  and  a  wei&iit  of  35»b  g« 

The.'ionar  ges  were  joined  by  a 

cellulose  acetate  tube  with  a 

wall  thickness  of  0*15  mnu 

These  experiments  indicate  tiiat '  tne  sensitivity  of  pnlcg^rntised  hexossn 

towards  detonation  is  less  than  that  of  trotyl  charges  with  oorrei^onding  density. 


figure  253.  Dependence  of  range  of  traxis<- 
mission  of  detonation  on  density  of 
the  passive  diarge  :  1  -  Density  of 
a  ctive  charge  eq.ual  to  1.5  j 
^  •  Density  of  active  charge  equal 
.  to  1. 


C^\ '7 


Table  123 


iiToct  or  donsixy  or  passive  osarge  on.  range  or 
transmission  of  detonation.. 


Passive  charge 

1 

Eonge  of  transmission  i 

of  detonation,  1 

rm  j 

Explosive 

Density 

Trotyl,  fine3y  dlapersed 

1.50 

150 

«  If  ft 

1.40 

110 

»  If  ft 

1.50 

100 

Phlegmatiaed  hexogen 

dU40 

95 

ti  n 

1.50 

90 

If  m 

1.60 

75. 

Watting  of  the  passlv  .-!  duorge  ooaslderah3y  reduces  its  sensitivity 

towards  dstonation  uid,  oonsequently^  redueos  the  range  of  stimulation  of  doto- 

nation  in  it.  This  is  illxtstrated.  by  the  data  in  Table  12.9,  in  which  the  results 

s 

are  presented,  for  osllinite  passive  oharges  with  a  density  of  1  g/cm  and  of 
different  moisture  oontent^  in  iidiioh  detonation  waa  Btimalated  by  melliniute 
oharges  with  a  density  of  1.25  ^aaP  and  a  weight  of  50  g. 

Table  129 

Effect  of  moisture  content  of  passive  charge  on  range  of 
transmission  of  detonation. 


Moisture  content,  of 
X>assive  charge,  % 

\oo 

m 

^50. 

cm 

^0 

cm 

0.15 

17 

19.5 

22 

5.05 

6 

7.5 

9 

4.50 

5 

6.5 

8 

■  6.75 

4 

5 

12.0 

2 

2.5 

16.5, 

0 

0,5 

IBH 

If  the  diameter  of  the  passive  charge  is  greater  than  limiting,  then  a  casing 
with  open  ends  has  little  effect  on  its  sensitivity  towards  sympathstie  deto¬ 
nation.  The  initial  temperature  of  the  passive  charge  also  ha&  little  effect,  if 
it  is  not  so  high  as  to:  cause  notioeahle  decooposition  or  change  the  aggregate 
state  of  tlie  charge. 

The  chcmioal  nature  of  the  explosive  ixt  the  passive  diarge  has  &  oonsiderable 
effeot  on  the  range  of  stimulation 

Of  the  various  e:qplosives(flxoept  initiators),  the  most  sensitive  are  the 
dynamites  iu  an  Inert  base  with  a  high  oonient  of  nitroglycerine*  inxocodtes 
yield  place  according  to  their  sensitivity  Just  sa  to  the  dynamites,,  so  also  to 
trotyl  and  to  plosdo  acid. 

Using  mitTor  spanning.  It  has  been  possible  to  fellow  im  considerable  detail 
the  nature  of  the  davelopoent  of  the  process  of  explosive  transformation  in  a. 
passive  ohsrga  as  a  result  of  the  aoticn  of  a  poTmrful  shock  wave  on  it* 

It  has  been,  astablished  by  experiments  that  the  prooeas  of  explosive 
transformation  in  a  passive  charge  sets  in  not  immediately,  but  with  a  certain 
delay,  the  magnitude  of  whidh  is  roeasured  in  miccoseooads  ,  and  that  the  velocity 
of  the  process  of  es^loslve  tranaformation  aloog  the  charge  is  zurt  constant,  but 
varies,  either  attaining  detonation  velocity  oharaotezdstio  of  the  given  charge, 
or  dying  out,  whereupon  the  velocity  of  daziping  for  a  given  charge  Is  a  qplte 
stable  value. 

Fig.  254  shows  a  typical  photo-soan  of  the  process  of  detonation  iranafer 
frcBi  an  active  charge  to  a  passive  charge  through  a  100  mm  layer  of  air.  The 

ft 

explosive  of  the  active  charge  is  phlegmatised  hexogen.  (50  =  1.60  g/ora  )  and 

S 

the  passive  charge  is  trotyl  ( po  «  1*50  g/cm  )  *  The  point  K  identifies  the  end 
of  detonation  of  the  active  charge.  The  band  KAB  is  the  soan  of  the  movement  of 
the  shook  wave.  At.  point  A  the  shock  wave  has,  encountered  the  passive  charge. 

‘Tff 


^  C7.  CJicuiumiBaion  QT  yotonatlon  throu"la  Deiisa  Mociia. 

In  tho  case  v/hen  the  active  and  passive  oharces  are  sepai’ated  by  a 
dense  medium  (mctal>  water,  sand  etc,),  tho  stream  of  detonation  x^'ocluots  do 
not  participate  in  stinulation  of  tlie  process  of  e::golooive  feansformation  in 
the  passive  charge.  Stimulation  of  detoriation  is  acconplislaed  by  the  (Bhoclc 
wave  moving  through  tfio  inert  medium  of  separation,  Eie  initial  parameters 
of  the  shock  wave  in  the  inert  medium  at  the  boundarj'  \vitii  the  active  charge 
are  detenainod,'  as  eatablislied  in  Chapter  IX,  by  the  oliaraoteristios  of  the 
charge  and  of  tlie  medium,  Weakening  of  the  shock  wave  takes  place  in  tho  inert 
medium  according  to  its  propaeation,  the  wave  from  tho  shoolc  gradually 
becoming  acoustio.  If  at  the  site  of  encounter  with  tho  passive  charge  tho 

shook  wave  is  still  quite  strong,  then  a  ahoede  wave  originates  in  tlie  passive 

i- 

oliarge,'viiich  is  capable  of  stiniilating  an  autc~aeeeleratine  chemical  roaotioi> 
If  tho  shool«  wave  v/hich  originates  in  t2ia  passive  charge  has  porajnetors  riiiala 
are  below  critical,  then  it  will  be  propagated  in  the  charge  just  as  in  tlie 
inert  medium. 

Experimental  data  on  the  transmission  of  detonation  through  dense  media 
are  relatively  few  BUJSLO,  ej^eidmenting  with  msliidte  cl’argc with  a 
v/eight  of  50  g,  a  diameter  of  23  mm  and  a  density  of  1.25  g/om^  (active  oh.argo), 
established  that  the  range  of  trai^smission  of  detonation  relative  to  a  passive 
melinite  oliarge  Tdtli  a  density  of  1  g/cn®  is  characterised  by  tho  data  pre¬ 
sented  in  Table  150  for  charges  connected  by  a  cardboard  tube. 


o 


^  97,  Transmission  of  Detonation  through  Denso  Media. 

■  In  the  case  v/hon  the  active  and  passive  oharces  arc  separated  "by  a 
dense  medium  (metal,  water,  sand  etc,),. the  stream  of  detonation  TM'oduota  do 
not  participate  in  stiiiulation  of  tl^e  prooess  of  ejqplosive  transformation  in 
the  passive  charge.  Stiuulation  of  detonation  is  accon^plielied  by  the  shook 
Wave  mo  vine  through  tlio  inert  medium  of  separation.  The  initial  parar.ietera 
of  the  shock  wave  in  the  inert  medium  at  the  bounder;’'  '.vi-tli  the  ac'ti've  charge 
are  determined,'  as  established  in  Chapter  IX,  by  the  olxaraoteristios  of  the 
charge  and  of  'Uie  medium,  \7eakening  of  the  shock  wave  takes  place  in  ‘the  inert 
medium  according  to  its  propagation,  the  wave  from  ■the  stioclc  gradually 
becoming  aoous-tic.  If  at  ■the  site  of  eneoun-tor  vriL'th  -the  passive  charge  the 
shook  ■wave  is  still  quite  s'taong,'  ■liien  a  shoolc  wave  origlna'fces  in  tlie  passive 
oliarge, 'which  is  oapahle  of  stiaulating  an  au'fco-aoeoleratins  cheraieal  reaotioH# 

If  the  shock  wave  v/hich  originates  in  tlie  possi've  charge  has  parajnetors  rMcl; 
are  below  critical,  ■then  it  ■will  be  propagated  in  the  charge  just  as  in  tlao 
inert  medium, 

Experimental  data  on  -tho  transmission  of  detonation  throu^Ji  dense  media 
are  relatively  fev;  BIUBLO,  experimenting  ■wi'fch  melinite  oh.argos  vd'tli  a 
vroight  of  50  g,  a  diameter  of  23  mm  and  a  densi't^,''  of  1.25  g/oo^  (sctlvo  ohnivja), 
established  "that  ■the  range  of  transmission  of  de'tonation  rela'ti^w  to  a  posulva 
melinite  charge  vd-tii  a  densily  of  1  c/<s:P  is  characterised  by  -the  data  pre¬ 
sented  in  Table  ISO  for  charges  connected  by  a  cardboard  tube. 


o 
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2  •  10""^  300#  At  point  B  the  process  of  e::plosive  trcnofomintion  is  stii:iu.l.a.toa 
in  tho  passive  charge  j  t}io  average  velocity''  of  which  over  the  soction  E3  is 
j!'i'”U-i.'’c  25'J'*  Photoscoji  of  tlio  process  eqiiiil  to  2520  re/ see.  At  the  section 


j!'i.'"U'i.'’o  25<;.-,  Photoscon  of  tlic  process 
of  doixanation  transmission  througli 
air. 


0,  situated  at  17.  5  mm  from  tire  end 
of  the  ohai'se  (*C),  -ttie  velocity  of 
tlie  process  ohan^jes  with  a  rapid 
Juirrp  from  2320  li/soo  "to  6600  m/ssc 
(tho  normal  detonation  velocity  of  a 
trotyl  oliar^^e  \itli  a  density  of 

a 

1.50  D3  is  the  shod!:  rrave 

formed  by  tlie  flovr  of  tire  detcnatio  i 
paroduota  from  tire  passive  chare® 
tho  atoophcrc.  At  "ttro  cite  of  tiic. 
Sidp-lilw  oiiwr"o  of  velooitj,  of  t:..a 
prooeesf'  a  rotonatiorr  v/ave  is  eomo- 
times  fonred. 


In  tire  oaoo  when  tho 

^  n...  -iio  ic  sj.os>-:  i^otirSTSawiB 

...  .A;naJ.on  trajramisoion,  a  proccRB  of  oxrploalve  tranafor.;v.tion  is  stl.-;. 
latod  l)r,  tiro  passive  ch.ar-o,  v/irlcir  sometimes  ahani;oo  into  dotonatiou  end  sorn'- 
times  It  dies  out.  Pic2S5  ahows  tho  dylnc  out  of  on  oxirlosion  ir-,  a  pa.rivo 
ohLU-o  of  phlcernatisod  hexofien  rith  a  donsHy  of  1.  50  t:/^K  ‘fire  o:^losion  .b,.i 

out  at  16  m  ft.om  the  end  of  tire  charge  ;  tiro  vo, loci  by  i„.  tris  .cofion  is  c,...! 
to  2470  r/scew 

SiQ  oxperimeirt  shows  that  tiro  veloci+rr  n.f*  -s 

Uio  voiooltir  of  t-re  demped  exploiiic/;  for  t..*oVl 

ohargos  rvlth  a  donfiity  of  1.30  -  1.60  p/oc^  ^  i  i.  „ 

w'omy  is  eciual  to  2100  -  2300  i./sao, 


”uj.'  oH  v/i-i'^i'in  tl'LO  rioivic  iloncitjAi^- v.-‘'» 

vclocl'uies ‘  ->1'  ‘i’^c  df'ifTiou  e;;;j_iloyri.ij)ic:  :iTe  cscji?,!  "Im  3<10'J  ••  u7o\\<i/M  V<ih  *...CmUO 


vcioc'it3.aa 


should  be  coiisiO/'i'cd  as  oi’Hiiori  voloc;itiO;i  0;!‘ v^ao*'  o."  ilcuv'^cru 


odl  oc.Boa  tlio  VGlooi'ty  of  tliln  pxoooaa  oxooctUi  v*’ 


cJf  in  t-io 


orl£,innl  oirolofiivo  for  noxTval  oonditiona  ( -Vrtl  oni  1;>  ci/'*  Mound  in  iroiyl 
e.t  a  donoi’ty  po  o  l,ei  c/oti^  io  cc^ucy  '«■/  IJfiO  r./-';s.o)#  V/ii'h  d.Vai'oaao  in 
sily  of  tho  action  of  tho  wav.?  luiJ  O?  tJ-ie  do^>^rttttion  fiViri  tlio 

uotiva  paflfJlvo  ohBXLt^  i.e,  v/i±li  inopoaflo  h\  CLliaiiiJ’jOa  botocon 

olwxseaj  tiio  ler^th  of  tl.'j  Oflotian  of  tiie  oVivloaion,  a’b  tlxa  rud  of  v/liioh  lii'S 
volooity  isioroftBOo  vtiMi  a  juwQ?  to  tlio  aoi^ud  voloolty  of  flotonatiort,  io  ■owe’- 
what  inoreaeoA  |  ad  n  raault  of  thic  tlio  deloy  tjjot  is  cJ.BO  iiiorooood. 
yj.'-ui-e  fiairiplnc  of  an  «)(y;)3.oRlon  in  a  ptukdivo  oiiorge* 


'■^v  icUr  «i»  mi,  b.  oo™)a.«4  a»  tl,„  rawlrad  far  Isnuort,  oamtaa-ilar, 

axxa  tD  vifiltioi  of  fW>,fflbuot.if4n  into  an  sj^piosion. 
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Eic  cL^fferenoa  ia  tiio  ranceo  of  detonation  trenairdcsion  t'lrouiil.a  difforcnt 
medio  waa  associated  “by  BXUBLO  v/ith  tiio  odi^roasibili-iy  factor  of  tlio  pedii^nj 
assuinins  tlmt  the  cheater  the  oonsjressibilily  the  craater  tlio  ronfje  of  deto¬ 
nation  transmission,'  \7e  note,  however,  ttiat  the  extent  of  vraalieninp  o£  tJie 
shook  waves  in  different  media,  Mfhiah  also  determines  for  approxu-iatslo'  a^aal 
conditions  tlie  ranee  stimulation  of  detonajbion  ia  the  passive  oharge,  is 
assooiated  not  only  \7ith  the  difforeot  aompressibilHy  of  tliese  media,  but 
also  '.viih  otlier  oharaotoristios,  for  exarnple,  with  their  viscosity^  ■density  etc* 
BYTOLO's  data, as  sivaa  in  -tlie  table,'  are  inaccurate  in  a  nuvb  r  of  ooeoa 
and  also  dlffes'  from  the  results  obtained  by  otlier  auti'ors,  Stos  ■''oui'-' 

that  the  range  of  de^x3nation  tranamd  esion  tiu-ough  wood, fox-  a  pn^eivo  oiiai’.-o  of 


an  e:!^losive  very  sensitive  to^  detonation  -  morcury  fuliiiinate  -  on  fltir,u:.  atio-x 
>-/  a  Of  75  poo  o  of  50  ,  o  doto^tioo. 


X 


veloci'l^'’  of  G500  iv'/cec^  cloos  not  exceed  2.1  cviT.  BYUIxLO  found  that  for  a 
considerably  less  ccnsi'tivo  e:xi5loslvo  it  v.'as  equal  to  3,5  -  4  cip, 

\'h  have  established  tliat  the  ran^e  of  detonation  fc'ci’siriisslon  tlirouch 
v;atcr  fre.’a  a  'irotyl  activ'c  chai’ce  v.ltli  a  detonation  velocity  of  7C00  r/scc  is 
e<jual  to  S  can.;,  relative  to  a  passive  chaa'^o  of  Paffi'T,  viiich  is  vciy  sensitive 
tov.'ards  detonation,  ETJULO  also  found  that  for  a  loss  sensitive  melinite  charge 
and  a  less  povrarful  active  cliar«e  (detonation  velocity  53C0  s/sec},  the  ran^R 
is  3  -  5  cm, 

Hae  transmission  of  detonation  throuc^  steel  and  v;ater  lias  been  investi- 
£ated  by  SHSE-ITES,  In  the  experiments  on  detonation.  transmiBsion  through  steel 
the  passive  ohargea  \rere  prepared  from  trotyl  ivith  a  density  of  1.30  -  1.60  a/cm®, 
Ihe  active  oliorges  v/ere  prepared,in  all  the  exporimentB*  from  phlegrtotised 
hooMSon  with  a  density  of  1.60  f/em®  (detonaticn  velocity  8000  m/aeo).  tCie  Sia- 
meters  of  the  charsea  were  23.2  na,  and  ttoe  vreiaht  of  the  aotive  oharge  tmuj 

o 

35. 5  g,  '  t'' 

?i:^ire  256.  Photo-soon  of  tiie  process  of  detonation 

tranomiseion  through  a  metal. 


.  A  typical  plioto-soan  of  the  process  of  detonation  transmission  tiu'ou^ 


a  metal  is  shoivn  in  i'i2,256.  Detonation  of  the  active  cliarflo  is  initiated  at 
the  point  A  .  At  B  the  wave-  ai-rives  at  the  sheet  of  raetol.  The  .  shock  vravc,  on 
passing  thi^vigh  the  metal  sheet  equal  to  KI'.I,  initiates  ei^ilosion  of  the  passive 
cliargo  at  E,  the  detonation  of  wMoh  finishes  at  D.  BE  is  the  time  (on  some 
scale)  token  tor  the  shodc  wave  to  pass  through  the  metal  sheet  EO,  indLudiiig 
the  delay  up  to  initiation-  of  explosion  of  the  passive  charge. 

These  photographs  can  be  used  to  deteimine  approxinatoly  the  delay  tine 
according  to  the  following  considerations.  If  it  be  assumed,  as  was  done  earlier, 
that  the  velocity  of  .the  shock  -ivave  in  steel  is  equal  to  the  velocity  of  elastic 
ooillaions,  than  the  delay  time  is  defined  as  the  difference  betv/een  the  time 
required  for  passage  of  tlie  v/ave,  plus  the  delay  timd  (this  total  tine  is  deter¬ 
mined  Arom  the  |^oto»BOsn)  end  the  tine  required  for  passage  of  the  shock  wave 

h 

through  the  layer  of  steel  of  depth  h  (  t  ,  where  co  is  the  velocity 

of  propagation  of  alastio  collisions  in  steel  ).  The  results  of  the  datenaination 
are  shotm  in  Table-  ISi* 


Table  151 

Transmission  of  detonaticn  through  steel 


Density  of 

passive 

ohsrge, 

g/cm^ 

Thidcness  of 

traz^smitting 

steel  plate, 

mm 

Delay 

time 

pi  1*0 

Density  of 

passive 

dharge, 

g/an® 

Tiiiclnaess  of 

transmitting 

steel  plate, 

mm 

Delay 

time  ■'  , , 

a , 

M- 

1.50 

12.0 

2.1 

1.50 

0.0 

1.0 

1.50 

14.0 

3.5 

1,50 

10.0 

1.2 

1.30 

16.0 

failure 

1.50 

12,0 

1.4 

'  1.50 

12.0 

1..4 

1.5-f 

14  tO 

1.50 

16.0 

failure 

1.60 

12.0 

1.4  1 

1  .60 

■  14.0 

2.0 

1.60 

16,0 

fg.iltiro  1 
( 

It  follows  from  Table  151  that  the  delay  time  1  ^  passive  oharg. 

increases  with  increase  in  thickness  of  the  transmitting  plate.  This  is  i^te 
understandable  ,  since  with  increase  of  the  sheet  of  metal  the  wave  arrives  at 
the  passive  charge  in.  a  mere  wealcenui  condition.  The  delay  t  e,  as  a  rule, 
does  not  exoeed  2.5  *  10  seo  for  trotyl  charges  pressed  from  fine  grains. 

In  fact,  the  delay  time  is  somewhat  larger  than  those  given  in  Table  ISl*  since 
the  velocity  of  the  shook  wave  in  tho  metal  exceeds  the  velocity  of  sound  \inder 
riftmiAi  conditions. 

Over  the  density  range  investigated,  there  la  no  evidence  of  a  decrease 
in  range  of  detona  tion  transmission  with  increase  Ir  density  of  the  passive 
charge  •  This  la  ejgplained  by  the  fa  t  that  the  pai'amaters  of  the  wave  passing 
through  relatively  thin  layeraof  metal,  ensuring  stlsulation  of  detonation  of 
the  passive  charge  at  the  boundary,  do  ziot  greatly  differ  for  the  oharges  used. 
The  dependence  of  the  range  of  xransmisslon'  of  detonation  on  density  for  a 
detonation  tranamiaaioa  through  air  is  easily  established,  sinoa  the  ooxreal 
ponding  variations  of  the  shodc  wave  porameters  in  air  take  place  over  a 
oonslderahly  greater  path  than  the  variation  of  the  shook  wave  parameters  as  a 
result  of  its  passage  through  s  metal  sheet.  The  same  picture  is  oharaoteristio 
not  only  for  metals  but  also  for  the  oase  of  detonation,  transmission  through 
water,  where  the  roduotion  la  intensity  of  the  shook  watvo  at  dlstanoas  at  which 
sympathetlo  detonation  of  a  passive  ohsrge  takea  plaoe,  takes  plaoe  extremely 
sharply. 

Detonation  tranamlsslon.  for  metala  and  alloys,  the  density  of  which  is 
less,  than  the  density  of  steel  (alvaninlum,  duralumin  eto,),  tal';es  place  throvigli 
thi.cfcer  ’ayers.  Thus,  relative  to  charges  of  trotyl,  and  phlegmatised  hexogen, 
the  range  of  transmission .  exceeds  20  mn  (the  . active  ohargea  are  the  same  as  for 
the  case  of  sympathetlo  detonation  through  steel). 


The'  'j^ier  the  velocity  of  motion  of  tho  pcrticlesi  of  netol  at  tho 
boundary  of  'separation  between  the  wetal  and  the  passive  charge,  the  greater 
the  intensity  of  the  shock  wavo  in  the  es^ilosive,  for  approxkiatoly  equal  con¬ 
ditions.  In  eddition,  retardation  of  the  shoclc  wavo  occurs  more  slowly  in 
duralumin  than  in  stool.  These  cis-ouinstances  aloo^predeteroino  the  increase  in 
jrange  of  aympathetio  detonation  as  a  result  of  traisition  from  steel  to  duralumin, 
as  the  transmitting  medium. 

Figure  257.  HiotoaoMi  of  the  process  of  transmission  of  detonation 
‘through  ^mtsr  :  ^  -  detonation  of  the  active  charge 
CD  -  detonation  of  wio  paaaive  oh_u*go. 


The  dependence  of  range  of  trsnsmisslon  of  detonation  vlxrough  water  on 
tlie  detonation  velocity  of  the  active  charge,  the  densitj'  end  nature  of  the 
passive  charge  has  been  studied  by  Sh&KIiTER. 

;ill  the  experiments  vrere  carried  out  iwitb  charges  hiaving  a  diameter  of 
23.2  Hsn.  The  passive  oharge  w^a  inserted  in  a  cellulose  acetate  or  glass  tube. 
The  active  charge  was  iwnwTsed  to  tijs  test  tube  at  a  depth  of  20  -  25  nm, 

rr 

The  active  charges,  with  a  density  of  1.60  »  v/ere  prepared  from  trotyl 

and  phlegraatised  hexogen.  In  the  preparation  of  i'm  passive  charges,  besides  the 
explosives  already  referred  to,  ETK  was  also  usod.  the  experiments  v/ere 


ciarried  out  using  jiioto-racordins  the  parooess  of  ayn5>athetia  detonation  "by 
sneans  of  mtaror  scanning. 

The  effect  of  distance  hetmen  the  charges  on  the  deley  time  was  estaib- 
lished  by  s  nethod  of  vaiylng  the  depth  of  the  separating  layer  of  water  by 
2.  -  5  mm  from  experiment  to  experiment, 

A  typical  photograph  which  records  the  porooess  of  sya^iatheti©  detonation 
through  vgater  is  shown  in  Fig.257. 

The  results  obtained  from  processing  the  photograph  are  shovm  in  Table  152j 
in  which  the  foUovdng  aycibols  ere  used  :  a  is  the  distance  between  the  charges, 
‘’‘d  is  the  delay  tiiae  end  Da  is  the  velocity  of  the  sho(^  wave  in  water  at  the 
point  of  enoounter  with  the  passive  charge. 


Table  132 

Tranamiaal<m  of  detonation  through  water 


!  Aotive  charge 

Passive  ohaige  . 

i 

T 

d 

fi  ate 

D 

h 

a/^eo 

Si^OBlve 

s 

s^/mT 

Explosive 

fhlejpiatised  hsxogen 

1,60 

1.65 

20 

5620 

n  n 

1.60 

tfl 

1.65 

25 

5160 

H  n 

1.60 

It 

1.65 

50 

S380 

ft.  n 

1.60 

ft 

1.65 

55 

fall 

2720 

Trotyl 

1.61 

If 

1.65 

20 

5240 

tt 

1.61 

W 

1^65 

25 

2860 

1.61 

n 

1.65 

50 

fail 

2660 

Bilegnstised  hexogen 

1.60 

EhlegnaMsed 

hexogen 

1.60 

25 

5.5 

5300 

(t  tt 

1.60 

It 

1.60 

25 

fall 

5160 

Trotyl 

1.60 

Trotyl 

l.SO 

20 

2  .5 

5240 

If' 

1.60 

n 

1.50 

25 

5.0 

2960 

II 

1.60 

II 

1.50 

25 

fail 

2860 

It  follows  from  the  tehlo  iiiat  tha  riin^e  of  transr/iission  of  detonaticn 

is  deterriiincd,  for  a  {^v«n  passive  charge^  “by  tlae  shock  v/ave  velocity  D/,  at 

— < _ 

the  point  of  encounter  with  the  passive  cliarce, 

Kie  oritioal  values  of  the  parameters  of  tlie  shook  v/avos  in  v;ater,  i.  e. 
^7aves  still  oapahlo  of  hrineing  about  development  of  tiie  process  of  explosive 
transformation,  at  the  limit,  chrirgea  of  explosive  v/nioli  have  been  stidled, 
ore  shovoi  in  Table  135. 

Hie  pressure  at  the  shock  front  in  irater,  the  flow  velocity  and  tlio 
rise  in  teEperoture  for  a  knoivn  slioolc  wave  velodiy  in  water  Cz?#)  are  taken 
from  oal  oulations  by  ICCIUQ700D  and  BXCHABDSO^. 

The  delay  timo  in  the  passive  oharge,  resulting  from  the  data  in  Table  132 
is  increased  according  to  the  reduction  in  Hio  shoclc  wave  valooity  in  v/ater  at 
the  point  of  encounter  with  the  passive  charge.  Per  a  oolwan,  of  water  s«paratih3 
the  eliarges  vMah  is  small,  ■feLs  time  is  very  siiall  (0.1  -  0,5  miorosco),  i,o, 
a  normal  detonation  regime  is  established  proctioolly  at  once  in  the  passive 
charge.  For  a  column  of  v/ater  close  to  limiting,  -Hie  detonation  regime  is 
established  over  a  period  of  5  -  5  mioroseo.  The  increase  in  tire  delay  time  is 
characteristic  on  approaching  the  limiting  range  of  transmission. 

On  encoiaiterlng  the  passive  charge,  reflection  of  the  shook  wave  takes 
place,'  and  a  sliocle  vr&ve  originates  in  the  passive  charge.  If  its  parnmetors 
are  sufficient  for  'stimulating  an  intense  chemical  reaction,  then  tlie  shook 
ivave  transforms  into  a  detonation  wave.  If  the  parameters  of  tlie  inoideiit 
wave  are  less  than  oritioal  valu0s( these  are  presented  in  Table  133  for  tlie 
explosives  investigated),  then  the  shoclc  wave  viiioh  has  been  created  is  propar- 
gated  in  the  passive  charge  just  as  in  an  inert  medium,  gradually  dying  out 
and  transforming  into  an  acoustic  wave. 


Table  133 

Criiiioal  pai’amoterc  of  shook  v;avC3  in  v/atar,  capcbls  of 
oausinc  syn^atiietio  ae-tomtlon  of  passive  charges. 


r 

Shoolc  v/ava  parojnotors 

Passive  charge 

Fnlegmatised 

hexogen 

(/»,  a.  1.40  -  1,G0 
a/cn^  ) 

Trotyl 
(  p  s  1, 30 

z/or^  ) 

P3ILi 

(pa  1.  65 
a/onS  ) 

Pressure  at  the  shock 

front,  k^ern.^ 

20,000 

22,000 

10,000 

Wave  velooity,  n/seo 

S,S00 

2,930 

2,800 

Velocity  of  water  beliind 

' 

shock  front,  rs/aoo 

S80 

733 

640 

Bisc  in  tem^ierature  at  the  * 

wave  front,  °0 

100 

GO 

65 

Calculation  of  the  shock  wave  par.’iraeters  In.  exp].osives,  v.'hich  will  bring 
about  ayngpathetio  detonatioa,  of  a  paoeive  chorgo  oan  be  oarricd  out  if  lar; 
of  ooppressibility  of  "(iia  original  o^jiploBive  is  kjiovna»  and  also  tiis  parsuneters 
are  known  of  -tiie  shools  wave  propagated  through  tho  mocilua  •(throuali  vrater  in 
the  given  ooso)  at  the  site  of  onoouiiter  vdth  the  passive  ohargo. 

If  it  bo  assumed  that  tlio  connection  be  b/oon  the  pressure  and  ,denait/ 
for  the  explosives  is  expressed  by  tho  relationship 

then  tlie  calculation  presents  no  diffioully, 

•  It  has  been  shora.l^  SmTUKOVICH  tliat  for  tiid  original .  ex];jloGivc  tlio 
value  of  * ,  may  be  assumod  equal  to  6  -  7,  Hie  initial  parameters  of  the 


initiating  shock  waves  of  oei'tain  esgplosives  have  also  been  deterrniiied  iix 
these  liypotlieses.  They  arc  presented  in  Table  lh4. 

Eie  data  in  Table  1S4  alio’ffs^  that  just  as  in  the  case  of  transmisoion 
of  detonation  through  air,  Uio  velocities  of  tlie  initiating  Avavss  are  equal  / 
to  2000  -  2300  rVaoc,  wliioh  is  iji  good  agreei«cnt  with  ejcperimentt 

Hie  range  of  transirdasion  of  detonation  throu^  a  dense  separating  medium 
serve  as  a  measure  of  the  sensitivi'ty  of  t!ie  explosive  tovmrds  detonation. 
The  advantage  of  this  method,  as  ISUHIua'  and  his  colleagues  noted,  consists  in 
tile  Mgh  reproduoibiliiy  of  the  results.  Thus,  on  initiating  charges  wi-Ui  a  > 
detonator  cap  througli  a  layer  of  paper  sheets  ■with  a  thiokness  of.  0,  08  nrs.  c  ,-h, 
a  change  In  thiokness  of  the  layer  by  1  -  2  sheets  of  paper  led,  in  all  oases, 
to  failure.  Tliis  is  verified  by  the  data  presented  in  Table  125. 


Table  154  - 

Ii'-itlal  parameters  of  initiating  shook  Virave.<5, 


. 

Parameters  of  shook  \T&ve 

in  passive  ohorge. 

PE3W 

(i»«  1.65  g/oa®} 

iCrotyl 

dispercad 

( /?,=  1.  SO  g/cn^) 

k  a  6 

'k  a  7, 

*,  =  6 

»•  B  7 

.K  B  6 

'  k  a  7 

1 

Wave  velocity,  it/soo 

2010. 

2190 

2570 

2S00  . 

2220 

'  2440 

Vclooity  of  oi^dosive 

behind  wave  front,-  n/sco 

574 

548 

730 

700 

635 

610 

Pressure  at  v/ave  front. 

kg/cn^ 

.19, 000- 

20,500 

30,200 

32,000 

23,000 

‘24,000 

Hise  in  density  ,at  wave 

front 

1.40 

1,35 

1.40 

1,33 

_ 

1.40 

1.33 

^  f 


static  155 

Transr.iiasiou  o?  detonation  liiroupii  a  "bundle  of 
paper  sheets. 


Eiqplosive 

g/cra® 

lUnlraim  n'ornber  of 

of  slieota  for 

viliioh  failures 

occur. 

Itaxiiian  nuraber 

for  Y.'hioh  de-to¬ 
nation  is  s-tiU 

observed. 

To-tryl 

1.51 

25 

26  ^ 

Tctiyl 

1,60 

24 

24 

Hexogen,  phlegma-tlsod 

v«ix) 

1.58 

17 

18.5 

He3«3gen--tro'tyl  mix 

1,59 

17 

19 

The  rq)i>3duoi"bllity  of  the  results T/hioh,  liov/wvar,’  ia  o’bserved  also 
for  transnission  of  detonation  througli  air  and  other  media,  may  be  tnVen  as 
■the  basis  of  reconnnendation  Of  -this  me'thod  for  detenainins  the  seiasi'tivl'ty 
.of  explosives  -fco^Tards  de-tonation  . 

^  98.  I^snsBission.  of  Eetonation  in  Shot -Holes, 

Resultinc  from  •tho  e^qelosion  of  blasting  charges,  "there  are  sometinea 
cases  of  foilvvres  in  -the  trennmission  of  the  detona'tioa  or  dnoocipleto  ej^lo-  ■ 
siona  v/ith  subsequent  Ifjni-tion  end  combusiion  of  -the  non-de-tonatod  oar-bridges. 
Incomplete  e:i^loBion  the  combustion  of  tho  charges  associated  vrfLth  it 
■  rodents  a  great  danger.  Thus,  in  oan^^dne  out  blasting  operations  in  mines 

vhere  thereds  a  danger  from  gas  and  dust,  tlds  inay  lead  to  the  explosion  of 
me ’thane  ~  air  and  carbon  —  air  mixture  a. 


NormaJ.  f*aiictiormi2  of  exjsloaive  ohargos,  excluding  incomplete  explosions 
and  firing  of  cartridges  in  shot  holes,  depsndsi  on  the  detonation  capability  of 
the  eacplosive  i^nd  the  conditions  of  induotrial  application  of  the  blasting 
cartridges,  i.e.  the  nature  of  loading  of  tho  shot  holes,  the  presence  or  ab¬ 
sence  of  filling  batireen  tho  cartridges  by  oool  or  drill  dust,  olearanoes  be¬ 
tween  the  cartridges  and  the  walla  of  the  shot  hole  etot 

The  detonation  capability  of  industrial  explosives  depends  to  a  large 
extent  on  their  con^sition  and  technology  of  manufacture,  '^t  can  be  stated  as 
a  general  rule  that  anmonitea,  not  containing  liqjiid  nitroethers  (nitroglycerine, 
nitroglyool) ,  have  an  inadequate  detonation  oapabllity  under  the  conditions  of 
their  industrial  applioatiou,  which  is  sharply  reduced  during  storage  as  a 
result  of  agglutination  and  deterioration*  the  introduotion  of  small  quantities 
of  nitroglyoarlna  end  nitroglyool  loads  to  a  oonsidarable  inorsasa  of  the  deto> 
nation  oapabllity  of  ammonites. 

Aa  mentioned  earlier  (see  Para*  ■  /)  ,  the  range  of  transmission  of  deto¬ 
nation  oan  serve  as  an  Indiostlon  of  the  detonation  oapabiliiy  of  an  erplosive. 
This  a^eot  oan  be  Illustrated  -by  the  data  presented  in  Table  156* 


Table  186 

Comparative  data  on  range  of  transmission  of  detonation 
for  oartridges  vdth  a  dikneter  of  SO  sm. 


- - - 

Explosive 

Average  distance  of  tranemisslon 
of  detonation,  cm. 

Ooaffiqient  of, 
increase  of 
range  of 
transmission 

In  open  air 

In  a  shot  hole  with 
diameter  40  mm. 

No.l 

90 

12 

No.2 

■■ 

17 

8.5 

<?13> 


Gonipooition  o£  explosivea  :  No.l  -  Nitroglycerine  -  ,  oolloxi- 

llne  (csollodlon)  O.Sji  ,  NH^NOg  -  2Jo  ,  Nad  -  58fo,  trood  meal  -  2^^,  j 
No.a  -  Dinitrotoluol  -  9.^2  ,  '>H^NOg  -  90.5fb  . 

It  .follows  ftom  the  data  presented  in  Table  156,  that  e^losive  No.l 
has  a  oonslderably  greater  detonation  oapability  under  conditions  o£  Industrial 
application  than  has  explosive  No.a,  although  the  latter,.  \Tith  respect  to  its 
effioienoy,  exceeds  explosive  Ko«l  by  approximately  a  factor  of  two. 

It  ia  interesting  to  note  that  even  such  a  powerful  and  sensitive  explo¬ 
sive  as  EE!TN,  when  present  as  a  component  of  ammonites  exerts  considerably  less 
influence  on  the  detonation  oapability  of  the  latter  explosives  than  nltro- 
glyoerine*  This  is  well  oonfirmad  by  the  data  pcresented  in  'Sablo  157. 


Tdble  157 

Trials  with  nitrons  on  transmlssioai  of  detonation 
in  a  steel  mortar  (diemater  of  mortar  ohannel  46  mm  ). 


£]plosive 

Distance  bo'tween 

Relative  number  of  passive 

cartridges  detonnatsd 

_ _ ^ _ 

om* 

Without  steiming 

with  stemming 

No.S 

so 

•  5/5 

*5/5 

60 

4/5 

5/5 

• 

40 

.  6/6 

5/5 

No.4 

25 

0/5 

a/5 

,8.0 

n/B 

~r  ~ 

4/5 

IBl- 

1/5 

5/5 

5/5 

5/5 

Conposltion  of  explosive  No. 5  :  nitroglyoerine  -  12^  ,  col¬ 
lodion  -  iSi  ,  KH4N0g  -  5^  ,  Nad  -  4S5s,  peat  -  5?S  j  ’ ' 
Conposltion  of  .e^loslve  No.4  ;  ISTN  20^  .  dinitrohaphthalene 
■1.552,  1%  NOg-  205?,  Nad  -  58.^2  . _ 


■73y 


Data  on  the  critical  dieriieters  of  oliargea  eatahlishsd  by  SI-CJFIffiilD  and 
Gini'.EIIA\7  alsc  confirms  the  pov/orful  influence  of  riti-oslycerine  on  the  dato- 
, nation  capability  of  mixed  e^^losive  systems.  Thus, for  a  system  containing  6fo 
nitroglyoer/jne  and  9S^a  sodium  chloride,  tho  critical  diameter  v/ea  ahcvm  to  be 
equal  to  upproxlmato^ly  7  mm,  and  the  detonation  velocity  870  nv'seo  .in  all. 

ts  a  result  of  numerous  investigations-  (l!UD.AICOVSIQI,  SARTOHIUS, 
et  al. )  it  has  been  established,  that  for  the  presence  of  a  radial  gap  between 
tile  charge  and  the  shot  hole  (a  tube,  mortar  )  oases  arc  observed  of  extinction 
of  detonation  for  blasting  oartrldges  of  industrial  explosives.  This  in  its  turn 
often  leads  to  Ignition  and  occbustion  of  the  nozv-detonated  portion  of  the  charge. 

BUDAKOVSKH  first  expressed  the  hypothesis  that  this  prooess  is  a  oonse- 
quenoe  of  the  oaDp:‘esslcn  of  the  atiU^undetonated  portion  of  the  oharge  as  a 
result  of  the  action  of  the  shock  mive  prppagat^  along  the  gap  with  a  velo¬ 
city  oanaiderahly  in  exoesft  of  the  detonation  velocity.  By  installing  transverse 
soreena  at  the  junotioa  of  -partridges,  the  detonation  was  propagated  throughout 
the  entire  charge.  IKEtAKOVSKH^s  oonslusions  axe  cmnfimad  by  ej^eriments  oerried 
out  by  ShkiHiaM)  and  in  vdiioh  .the  velocity  was  measured  of  the  shook 

Y/ave  propagating  along  the  gap.  Thus,  for  one'  of  the  explosives  TTlth  a  detonation 
velocity  of  5860  n/aeo,  the  shook  wave  velocity  was  shown  to  be  5550  nv/seo. 
Concession  of  the  oharge  by  the  shook  wave  has  also  been  oonfizmed  in  escperir 
ments  with  tetryl  carried  out  by  these  seme  authors.  They  showed  that  the  deto¬ 
nation.  velocity  of  tetryl  with  a  density  of  1.55  g/om®,on  explosion  in  a  tube 
with  a  radial  gap,  was  inoreased  frcm  7250  n/seo  (open  oharge)  to  7550  n/saot 
The  limiting  dstonation  velocity  of  the  oharge  without  gap  is  equal  to  7595  n/seo. 

Con^ression  of  oharges  of  ammonites  usually  leads  to  a  sharp  incroase 
of  their  oritioal  diameters  and,  as  a  consequenoe  of  this,  to  a  reduction  in 
.  their  senisitit^ty  towards  detonation,  and  in  oertaln  well-knOT-n  conditions 


ccanpreasion  of  charges  leads  to  loss  of  detonation  capability(particularly 
simnonltes,  not  containing  nitroglycerine). 

■Analysis  of  available  data  permits  the  conclusion  to  be  drav/n  tliat  one  of 
the  primary  causes  of  failure  in  transmission  of  detonation  in.  shot  holes  is  the 
presence  of  a  radial  gap,  which,  under  industrial  conditions  ematats  to  10  -  12  mm. 


E-SBi 


SUPFliB-'ETT 


T0’.7AKD  3HE  OHSOKC  OP  OUJUlATICer  OP  ftASSS 


YTitli  tlie  phenoEionon  of  cuniolation  of  a  gaseous  meaim  vre  ciioounter 
reoesaeSj  for  'exongplSj  as  a  result  of  the  esiplosioa  of  a  cur/iilativo  ohargo 
vdthout  a  metailio  casing.' 

First  of  all  we  oonslder  the  following  idealised  acixeine.  Suppose 

,that  two  plena  aurfaoes  are  inolined  at  an  angle  i(i  to  a  piano  of  aymiati'y , 
and  oonfining  a  oavlty  containing  gas  (plane  problem).  Suppose  that  a  force, 
rtiioh  is  applied  lnstantaneouB3or  to  these  surfaces,  then  remains  oonstaiit. 

Figure  Is  *'  Diagram  of  oharge.  In  order  to  explain  the  preoesfs  \-Mdh  vd.ll 

take  place  after  applioatlon  of  the  force 

;  _ _ _  ■  It  ia  sufficient  to  oonsJ-der  the  motion 

of  the  gas,  for  exanple  In  the  upper 
seiiii>plane,  since  the  motion  possesses 
(  ayn’iotry  relative  to  the  sods  Ox  or 
more  accurately  to  the  plane  yOx  , 

"  7  assuming  tiiat  in  this  plane  da  disposed 

an  absolutely  solid  wall  (Fig,  Is  )• 

In  the  case  ve  j.  i.  oonsidering,  a  shook  vfavo  through- the  gas',  the 

parameters  of  whieix  determined  from  tlxc  followixxg  '.ous  orations 

A A.:  p.£>,  : 

^  „  Pi-¥P.(\  i\  } 

2  (p.  j'  J 

where  p.  is  the  oxtemcl  constant  pressure. 


^5? 


In  tv-  w  ise  ■  of  an  ideal  gets,'  vro  find  from  those  equations  that 

HPi-P,Y'" 


I  jli. 

'  f. 


(A+i);'i  +  (*-i)^..  . 

(*+i>A  + (*-!);». 


Dl 


(2) 


It  is  obvious  thr  ■  we  mat  oonoidBr  a  strong  wave;  then,'  neglooting  the 
quantity  pt,  we  have  i 


It 


*  +  l 


2/>J 


•:  Dt 


(k-^hPi 


“  '2p.  '  (5) 

The  shook  front,  on  aridval  at  iiie  plane  of  i^yianetry,  begins  to  be  reflected 
from  it  It  is  well-known,'  that  if  the  angle  thiwgh  which  the  shook  front 
approaches  the  dbstaolc  (in  this  case  this  angle  is  4*  )  is  less  tiien  a 
definite  value  “ill '<it!at,  then  the  reflection  will  be  regular,  ite*  the  front  of 
the  reflected  wave  originates  at  the  obstacle  itself,-  If  ^  >410  >  then  the 
reflection  tIU  be  irregular,  and  as  a  result  of  this .  the  front  of  the 

•r..-  I  ' 

reflected  wave  will  not  be  initiated  at  the  obstaoGLe,  a  supplementaxy  shock 
wave  will  originate,  moving  from  the  obstaxsle  to  a  point  whore  the  front  of 
the  incident  wave  and  the  front  of  the  refleotod  wave  make  oontaot,  a  tangen¬ 
tial  discontinuity  originates  (one  or  several)',  and  the  pioturo  of  the 
phenomenon  of  refleotlou  becomes  somewhat  ooo^le::,  whioh  will  not  yield  to 
oalculation.  On  the  oontrary,  the  regular  reflection  of  the  shook  wave  from 
the  obstacle  oan  be  considered  extremely  siitply,  ei^eoially  in  the  case  of  a 
strong  incident  wave, 

Ihe  value  of  the  limiting  an^e  410  oan  be  detennined  from  the  follo\lng 
relationships  of  tho  theory  of  oblique  shook  waves  (boo  Para.  52)  s 


'«»*•*  i| 


.  rA4- 1  .  .1 

Po  - j - .•<0+  ‘  J  “  ' 

'  (Jf,+  D’  ' 


(4) 


Xo- 


—  li  P. 


ii 

Cl 


There' 


Hera  Cj  =  j/^^'  Vj.  is  iiie  veioci-iy  of  ffloiion  of  iiio  gas  bcjiiin.d  tiie 

shook  front  an  the  system  of  ooorclinates  in  vixich  the  point  of  intorsootion 
of  the  wave  front  with,  the  obstacle  is  stationary  ; 

«,)'  +- CJ,  . ■  (5) 


thus/ 


HVheaoai  for  exanple/  for  A*--!-  we  find'  il(o*-39" ,  Fivm'the  tlieory  of  ouaulation 
it  la  known  that  in  order  to  ottain  hi^er  vo{Looitiea,  it  la  essential  to  select 
a  greater  angle  of  inoidenae  of  Ihe  flow  with  tlxe  obstaolef '  i.  e*  gnmii  angles  (ji.;- 
As  a  result  of  this/  regular  reflection  of  the  shook  wave  is  ensured* 

We  shall  now  oaloulate  tho  parameters  at  the  front  of  the  reflected 
shook  wave,  assuming  that  the  incident  wave  is  strong  and  that  (i.e*.’  tliat 

the  reflection  is  regular).  Per  this  purpose  we  shall  use  the  relationships  for 
tho  case  of  regular  reflection  (see  Paras,  52  &  47) 

(i)_^  *  — 1  _  «««  (y  —  H)  fi 

“"■'I'  I  ’  ua? 

j:pf />i 1  ^  (S) 

fj  •  (*+!)/’j+(*-ljPi  .  ■■  ■ 
ti  “(*-i)A+ 

Ht.  ^  rail^fed. 

- 


wave.  O',  is  the  anala,of  deflection  of  the  volocily  vector  (in,  a  oyotem  of 
reading  where  the  point  of  intersection  of  tlao  front  of  tlio  inoidant  vfave 
^vitIl  the  ohstacle  Is  stationary)  ;  p  is  tlie  ancle  hetvrecn  the  velocit;''  vector 
"behind  the  front  of  the  incident  wave  and  the  reflected  wave  front,  Ttie  an£le 
■(j)  can  "be  called  tlie  'ancle  of  incidence,  and  tS^o  angle  9— 8=((i  the  angle  of 
reflection,  From  the  first  equation  of  system  (3)  7i'o  find  tiro  -angle  6  ■,  tlion 
substituting  in  tl7e  la-st,  equation  of  this  system  the  value  ;  of  ..pj  in  tine  third 
equation,  wo  solve  similtaneously  the  second  and  tliird  equations  of  the  system 
and  we  determine  the  original  values  of  pa  and  9  ;  after  this  we  find  the 
value  of  Pa.  •  IChe  velooity  behind  the  front  of  the  reflected  shoolc  v/ave"  is 
determined  from  the  relationship 

'-.cosv- 

(9-6)'  (S) 

Ows,'  (ull  tl'io  poramoterB  behii^d  the  front  of  liio  refleotofl  \mve  ox&  do teiw, lined. 
It  aov/  remains  to  determine  the  velooiiy  in  the  original  i^/'ctcn  of  coordinates 
(in  whioli  the  observer  and  object  are  stationary).  It  Is  obvious  tl^at  this 
velooity  is  directed  along  the  axis '  Ox  and  its  magnitude  is  determined  fipm 
the  relationship 


Since  the  ^jalntity  (  p-jp-fsinilij’  I  is  small  in  compsu'ison  v/ith  oos'*<l'  ,  then 


_  Os  (1  — coBf)  ^ 

Einnp  ‘“2''  (11) 

i,  e,  for  small  angles  iji  ,_  the  velocity  of  flow  of  the  gas  along  the  axis 
behind  the  froi,t  uf  Uie  roixected  shook  wave  is  .veiy  insignifioant  and  it 
can  be  practically  no^ooted  in  further  calculations, 

Ihus,  for  small  angles  1(1, i,  0,  vhon  the  original  shook  v/ava  falls  on 


tlio  plane  of  syinmotiy  praationlly  mornially ,  it  con  "be  assumed-  tliat  practically 
all  tho  enertsy  of  the  wave.ia  poten-fcial  energy,  i.  e.  aliaost  total  retardation 
of  "tiie  gas  takes  place  as  a  result  of  reflection. 

Let  U3  ^rthcr  consider  the  fate  of  this  gaseoue  stream,  Ihe  initial  para»~ 
meters  of  this  stream  of  gas  in  tho  case  of  mormal  refU.eotion  hy  a  strong  shpok 
wave  are  determined  from  the  follovdng  simple  expressions  : 


Pi  P’ _  ' 

/>i  “  '  Pi  *-> 

■~k~  +  T^  .Cl2j 

As  a  result  of  this,',  the  velooily  of  tho  front  of  liia  reflected'  shock  wave  is 


D,  =  [{k  —  l)/»j  +  p,]  ]/^ 


+  l)/>i  +  (*-i)p.]' 


the  voloci-ty  of  the  gas  behind  the  front  of  the  reflected  we've  uj  ■■  0  •  If 
the  incident  wave  is  strong,  then  * 


*-l  '^1/  (H-  i)p.'  (1.1) 

In  f  atatioxiaiy  system  of  coordinates  we  shell  have,  as  a  result  of  reflection,’ 
a  stationaxy  gas  ;vhloh  'will  possess  the  parameters 

, ,  /'■ik-ikpj,  , /aFTT 

■ ,  .u—uj-=>o,  c—Ci=  y  ^  Pi  “l/  *  (15) 


The  dispersion  of  this  compressed  gas  is  described  by  the  well-laso\m  SIEKAHKT 
(special)  solution 

where  tho  quantily  *o  “  /  /  sin  iji  determines  tiio  coordinate  of  the  beginning 
of  tho  discharge,  /  is  tho  length  'of  the  generatrix.,  Tho  maxLniam.  disohaJrge,  yslo- 


oily  vjlll  be 


2  2  ,  /(3A-1)(A-1)  ;>i 


n.  ••  /"  Pi 

~  y  1) 77 


(17) 


/'-n  p. 

lor  A— -J-  f  **ina»  20^^'  ' 

If  tliG  cas  dladiorgo  should  take  place  iiVunediatoly  v/ith  the  sliock  fronts 
then  the  relation, -ihip 


should  apply/  \7here 

^  • 

for  discharge  in  vacsuo 

“m.i  ~  *  I-  I  ~  *  1.  1  +  ]/  *  — 1  (^0 


(13) 


(19) 


or 


for  -fe=T  t 


«Bu  — [  ]/^  *  — 1  "t"  l/^'Sr]’ 
“ulM  ~  2'^*  |/  pjl'  ^  "I  5~]  “ 


(20) 


TTe  con  see  -tliat  tha  value  of  th*e  velocity  is  airiest  tJie  sono  as  «m« 

OJha  maximuia  possible  value  for  the  velocity  u  con  be  found  from  the  folloy/ing 
ejipressions.'  Sinoo 


where 


tlicn 


viionce 


U  =  j— (Cj  —  C)+-Hi, 

«» “/"yrr  ('"»-"’•)* 


(31) 


du 
'{  dc 


“  ^  ± _ ,  /  Ji _ 

:  A_1  }/  A-l 


nivl  xor 


-  =  v;  YfQ 


have  .  .  ^ 


i,  G,  tliora  io  a  critical  value  (as  in  tlic  nari’oweat  section  of  a  no?sl&)e 
Aa  a  roault  of  tliia 

'  for  Co  =  0  ■  ■ 

„•  2  -  ,/~'Mnr__,/‘TfT  ■  > 

“ii»«  ~  —  1  K  2  ~K  2  V 

vdiich  is  the  niaxiriium  possible  value  of  u 

(~  —  _ Jg— .-  <  o') . 

\ac\  *-i  (co-‘j)'‘  ^  / 

For  ^  =  4  ’  *  '  ^m»«  “  =* 


E'ds  value  of  Um»s  also  exceeds  hut  little  tlio  value  of  Ho^,  « 
aio  rlniwum  poasihlo  value  ot  ,u.  \'idll  bo  for  Ci  —  O  ,  v.-hen 


«,oit  =  V^lfrr^a.  ;  for  Co=-Ci 

■  ^in«  ^ _ _ j  ^0»  ^^nitD  “  2  ‘ 

for  *  =  •//;  ;  ,  tf„i.  =  0.6a„„. 

IIoYi'cvor,  tliis  value  can  never  be  attaiiied  for  the  shoolc  wave  process  described. 
2iio  variations  in  discharco  velocity'’  vn.ll  lie  v/itiiln  the  lirid..ts  between 
and  ,  i. e.  the  difference  in  velocities  vill  not  exceed  3  -  10^ 


!Ilio  first  oase»  when  «  =  v.ill  apply  for  nomial  reflection  (i|)  =  0)  , 

the  second  case  ivill  apply  for  a  slanoini;  srnc::  w&vo  •  =  ,  Eaerefore, 

throuch  vAiatcoever  ancle  tho  wave  approaches  tie  obstacle,  it  ie  aie?o  to  cap- 

tliat  the  diccharco  voloci-iy  has  a  value  close  to  .  If  disciiai-^e  dees  not 

take  place  in  vacuo,  tlien  it  can  alwaya  be  said,  vri^'  -  i.  i 

t  ^  cei^rcc  of  accuracy 


J-^.  .  JL 
ULIU  U 


(23) 


.  u  — a. 


““  A  —  I  *'• 

K'.e  problei'i  \iA'iicla  to  ha,vo  comyidcrod  hci’o  is;  o.?  si-oat  theovovical 

n.x'i'uOX'cs'Cj  i^ui'u  \JincL02i*  coiiCw.  oj.Oifio  cjio  px'Oi'Cu!i.^o  \rx  vCL 

v/oll  as  Mdth  tho  distance  nlonij  tlio  surface  \L'.cv3  it  is  applied, 

In  th.0  asd.al-syrir.ietrical  case  on  additional  effect  -  oonprescion  of  tl'.o 
COS  ori^iinatooj  as  a  result  of  ttio  convercenco  of  conical  si',oo2c  waves,' 

\’{c  aliali  ricrtr  consider  a  more  oorrpler  problc-j;i  ,  Suppose  tiiat  a  pressure, 
created  by  a  niacnetio  field,  is  t^aplied  to  the  outer  casing.  In  the  oxiol- 
syinmetrioal  case  tliia  pressure  can  be  approximated  by  the  follovrina  expression  : 


(27) 


v;here  A  =  const  is  determined  by  tho  enerry  of  tlio  current  flovrinfi,  rocpiia’ed 
to  create  the  mncjiotio  fl.eld,  y  is  tlio  distance  of  oloment  of  surface 
ffom  tlio  oiia  of  syjimetry.  It  is  rocruii’cu  to  find  tiio  :’«/tion  of  tlio  surface 
and  of  tho  gaa  inside  tho  cavl-iy.  Elis  problcra  can  only 'bo  oolved  ...... projimatoly, 

Assumins  that  every  elemont  of  surface  will  :.'ovo  independen-tO’'’  of  tho  other  . 
elements  peipendicularly  to  tho  sairn  surface  ana  tliat  the  shoch  v/avs  is  .fermsd 
ahead  of  it  almost  immediateiy,  viiion  we  clidl  consiaor  sn  a  plena  wave  (  a 
given  alemnnt  of  the  shook  'wave  can  be  rouglily  compared  v.ltli  a  plane  )  in 
order  to  doaoribo  tho  motion  of  tho  element  of  surface,  v/e  and-va  at  the 
equation  ,  • 

...  (23) 

vihere-  =  »'  5  is  tiie  area  of  the  surface  element, 

■In  'V.Txting  doim  equation  (28),  wa  assume  that  the  velocity  of  the  gas  in 
tile  sone  of  the  shook  wave  is  independent  of  the  distance,  and  varies  only 


vdth  time,  Aa  a  result  of  tiiic^  for  a  oti-onij  v^ve 

..s 

"5  2cosi^  y>- 

Ur.t.or  tho  coiilitions  we  are  co-'.oidorii'.;.:^  v/avj  ii  for. 

imieiatGly  after  ti;c  coiamciioerifint  of  rotioii  ard  so  bcoor.x-o  otroaj. 


e1;;x 


Corparin^  et^uations  (27),  (2S)  and  (2y)  v/c  aridve  aftliis  ec^uatiori-; 

d!  rf/J  yl  yl'  -  (so) 


where 


,  2/  cos’  6 

Eds  oijuation  mst  'oo  solved  for  the  oonditioao  that 


/  =  0,  >'=>'o:  «  = 


rfy  1 


dt  cos  ijj 


(31)’ 


Equation  (£0)  has  no  accurate  solution  for  -iho  conditions  of  equation,  (si) 
We  now  \'trite  equation  (2S)  in  the  form 


—  (Mu)  M --  =s SA  --  • 

■rf/  ''‘'''^1  \dt  d!  ^  dn  )  cosi(-  y»  ■ 


■nhenoo 


di 


+  2M4-  =  fl  ■ 


ySy 


(32) 


(33) 


v/hera  a  =  S^,.  cos  <().  •  Eio  solution  of  equation  (35)  oan  be  v/ritter"  in  tiie 

form  ;  .  . 


(34) 


vhere  6  =  const  ;  y  =  y{t)  is  assumed  to  be  s^.ven, 

1+  is  ob'.dous  that  for  different^  the  relationship  y  =  y{i)  will  be  ' 
different,  therefore.  Generally  ^^eaJcLng,  equation  (52)  siiould  bo  v/ritten  in 
the  form 


dt  dl  ^  (3/s/ EoTf  TT 


(55) 


i 


here  the  dci’ivativca  ai'c  talcoii  v/itai  reopcc';  to  c.  coi'ist.r'.'it  tja  ^  ^\c.  i'j 
aoouT.'.od  tiiu."!: 

y=y(yo.  ()■  (h-O 

Since  as  a  rcsuH;  of  redJiO’!;ion  of  i^o  iiio  ;orcssuro  o/i  'i.e  'boir.ici.ur”  ir.erce.eco, 
iuid  oonoequentli'’  tlio  volociiy  of  i5-£>-irLon  of  ■'die  'oour.deav  si.to  incroo.oes,  ei;;oeS. 
,  in  our  hiopotlioaio  to  the  velcci-ty  of  -uie  ^/o  ehall  a:;.'pro:dLi.e?.tc  the  lav;  of 

liiotion  of  tlie  ■’oq'undary  in  the  form 

y  =  yo[\ -fl.yui''].  (o7) 

KcncOj 

y  =  11  < 

and  it  is  oovious  that  /(//o)  aliould  increase  ioore  stronf^y  tiion  ]/yo  for  a 
decreaeo  in  j/o.  > 

As  a  resvdt  of  tlvc  av/;w:d.rfiation  (s?) 


/  (p'/’l  '• 


Af  = 


/”■'  r.e  — f 
nyit/iyo)  [  yf  J  (1- 


lidt 


/(yo)  /”)“ 


(29) 


If  n  =  3  j  tlioii 


3yo/<* 


(■p  _  a  f  d/l»  - 

1 

[r  “I 

L  ^ylfj  (!-/<=)*. 

[  3^5/(i-/;’)J 

^-o.,fc.,  „.d 

1 

b 

M-  “  r  1 

!  9y^/(l- 

Suhi 


otitutiii2  ea-rive  at  tlve  eXjOrossioia 


M  —  <»  (yo-y) 

9  yjlO/a/W 


C^O) 


(■^1) 


If  v/c  assumo  that  f  —  ayl  ,  tlvon  corr^^ai'ing  ecnatiovis  (29)  and  (d-l)  v;e  have 

1 

2  cos^  9  y^W-ri/aV'”  ’ 


n 


-iy.-yr^yyo  ’ 


It  iii  obviouni  that  hcir^  vaj 


i.  liLJJ  y  ^ 

U— =“V 


t:ti  ^  ’j  >'■ 

■  J  \y:>-yf  ydy=-^(,yi~ 


Hciice,  asouTidr^  ■'ohafc'  p  =  —  j  ,  v/o  iliid 


Xi'ua, 


«■?  =  .iL  ^  (^-n?c'S 


80j  COS'V 


a  cos  ^ 


-ift 

/=“V  • 

=;/o(l  -  -  «  =  ~ 

1  L 

M  1  (*— i)i>i>^  Cvo— >')“  yp 
“80  cosi}'  y  i  ‘ 


In  anotlier  a^iproximtioa  it  oar.  lio  aosuiiied  tliat 

_  f=vi“>  (‘^3)  .. 

and  v;g  do  not  00^3302*0  the  raasa  rslationdii;.;  vdtii  e^aation  (29)  ;  tlien. 


M—Hioszyl 

~  0  y.‘« 


(comparison  of  the  expression  for  aaos  vnth  equation  (29)  leads  onoe  a£ain  to 
the  result  of  (42)  ), 

Me  now  take  into  aocomit  tliat  tlio  anfile  varies  in  the  pixoess  of 
motion,'  It  is  o'b'viojjs  td:.:-,t 


^iicrel'ci-e  equation  V^3)  must  "be  v.vitten  in  tlie  'iorm 

^  \  ^  ■./'TZZT^ 

W  ['S'  V  /  ■g/'J  yi ' 


(lo) 


vdiore 


•X-»-y^Po(;'o  — y)V^i  ' 

Ihua/  equation  (28)  raust  oe  finally  written  in  the  forru 

Equation  (43)  will  "bo  valid  if  each  element  of  ourfaco  ricta  on  tlie  ^an  i;;ie- 
pendcntly  of  adjacent  elemento^  /la  a  raattcr  of  faetj  ’f-  i.vl;craetlon  will 


(4?) 


f  /c\ 

V-u; 


Plmrc  2r. 


Defomxation  of  a  our.n- 
lative  Eui’faco  with  tirao.’ 


occur.  Hov/ever,  aa  ,a  result  of  this 
wo  can  use  tlie  equations  presented 
above. 

Actually,'  despite  the  fact  that 
the  ancle  (ji  .chances  durir^c  the  pror* 
cess  of  motion',  ainoo  the  ancle 
"between  the  vector  velooiiy  of  each' 
element  and  the  tancont  to  a  givon 
element  of  aarfaoo  vdll  not  chance,  it  oan  "oe  asouraed  that  the  direotion  of 
motion  of  the  gaa  vdll  not  cliancc. 

^0  shall  find  the  'al'.ape  of  tl:e  surface  ,  to  wMoli  is  applied  tiio  cxtcrjxal 
pressure,  for  ttio  liypothosis  tliat  the  direction  of  moT<ion  of  each,  one  of  its 
elements  does  not  ohange.  It  is  obvious  as -a  result  of  tliis,  tiiat  (Fig,  2c) 

.  ■■■  j:='uro+Ai;  '  (4^^ 


viic-ro 


Cf^<i 


(50) 


JT  =>o (  ««  -f  +•  '“t)  — ^  ‘i')  ^  • 


(ol) 


Elimlriatins  yi=  ‘(j:cosiii  + //sinij),  iiiKj  froci  ei^aatloii  (5l)  and  tiao  lar.;- 
of  niotion 

■  '  >  =  /=‘(yo:  i),  ■  (52) 

tra  find  tlio  erjiation  of  njotion  of  "tiio  nm'facn  I.",  jie  foria 

.  y=‘F{x\  t).  (55) 

Purthnr,  since  for  the  shoclc  front  the  relationship 

y  — >0  ==  (y  —ya),  (S4) 

liolda  £oodj  v/hero  y-  is  the  ooorctinates  of  tlie  sliock  front,  we  have  ; 


ifc  +  1  1  — 

— 2“ y - j— lA:cos.ijj.4-_ysin<l<l  siinli==y(^:  t). 


(55) 


Sf^aatLon  (55)  is  the  ocpiation  of  tlio  surface  of  the  shook 

As  a  result  of  tlie  oonver^'^ACo  of  similar  c!^arvl^-lin'^ia'  'V'.iek  wa'.'os,  tlio 


point  of  their  intersection  vdll  move  ivitli  variable  volccity,  wiiioh  leads  to 
a  variable  jet  vcloci-iy.  As  a  result  of  tlkLs  it  is  posnihlo  to  obtain  in. 
certain  jslac.os  a  velocity  viiioli  is  boosted  in  coiw;>arj.aon  vdth  the  avo^a£e 
velocity.  In  order  that  the  jet  s)eould. be  stable  end  not  "  dying  ”,'it  is 
essential  that  on  tiie  average  the  velocity  nuctuation  sliould  not  bo  large  and 
tliat  the  velocity  of  the  rear  portions  aJiould  increase  relative  to  the  frontal 
portions  , 
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